
Polarization magic angle spinning (CPMAS) technique. AU @MAS spectra were obtained on 
a Chemagnetics NMR Model M100s. The 13C frequency was 25.15 a. The pulse delay 
was 1 second and the contact time was 1 ms. 

RESULTS AND DISCUSSION 

Conversions of Liauefaction 

The structures of low-rank coals are characterized by smaller aromatic ring clusters 
joined by a higher proportion of weak crosslinks than coals of higher rank. This kind of 
Structural feature results in their thermally sensitive natures. The bond cleavages of those weak 
crosslinks may occur at low temperatures to yield free radicals. If the radicals are not 
stabilized, retrogressive reactions producing materials difficult to liquefy will take place. 
Therefore, it is important to determine the optimum temperatures for each coal at which thermal 
cleavages readily occur while retrogressive reactions are unlikely to occur. Liquefaction 
experiments were carried out at 250°C, 300°C. 350°C, 400°C and 45OOC with the presence of 
Ha and the absence of a catalyst and a solvent The conversion data are shown in Figure 1. At 
350OC and below, reactions of all three coals are very limited, with conversions below 20%. 
As temperature increases to 400OC and 450°C, conversions significantly and continuously 
increase. However, our earlier study [8] has shown that although a temperature of 45OOC 
seems to be more beneficial in obtaining high conversions, it causes severe retrogressive 
reactions which are indicated by very high aromaticities of the reaction residues. Therefore 
400°C is considered to be the best temperature for liquefaction of these coals. 

However, even at the optimum temperature, 40O0C, no more than 50% of the coals can 
be converted to THF solubles when neither a catalyst nor a solvent is involved. In an effort to 
enhance the conversions, ATTM was added as a catalyst precursor; tetralin and 1- 
methylnaphthalene were used as &hydrogen donor and a non-donor solvent respectively. The 
effects of the catalyst and solvents are presented in Figure 2. By using the catalyst, the 
conversions were increased from 45% to 95.5% for the DECS-1 coal, from 24.2% to 78.5% 
for the DECS-9 coal, and from 30.6% to 63.5% for the DECS-11 coal. These increases are 
conaibuted by significant gains in oils and asphaltenes. The gas yields in the catalytic and non- 
catalytic reactions are very similar for each coal, which is in an agreement with our earlier 
observation that the gas yield is a function of temperature. and the use of the catalyst or the 
donor solvent has no significant effect on it [8]. To maximize the conversion, teaalin and 1- 
MN were applied in addition to the catalyst. As a donor solvent, teaalin further causes more 
coal converted to THF solubles for DECS-9 and DECS- 1 I. For DECS- 1, there is no increase 
in conversion, although that is because even with only the catalyst, the conversion reaches 
95%. It is reasonable to say that this may already be the practical maximum conversion limit. 
As a nondonor solvent, 1-MN has a very insignificant effect on the conversions of all the three 
coals. Comparing conversions at different reaction conditions, it is found that adding the 
catalyst is sufficient to achieve the highest conversion for the DECS-1 coal; while it is 
necessary to add both the catalyst and the donor solvent for the DECS-9 and the DECS-11 
coals. Among these coals, the DECS-I 1 is relatively unreactive, its conversion can reach only 
about 80% at the best reaction condition applied in this study. 

Product Characterization 

To produce materials from a coal for making the special chemicals, a high conversion 
has to be achieved and, more importantly, those desirable structural units in the coal 
macromolecular network have to be converted to individual molecules. In this work, one- to 
four-ring aromatic or alkylaromatic compounds were desired. In other words, more aromatic 
carbons have to be converted to THF solubles. To determine the amounts of aromatic carbons 
converted, the reaction residues as well as the vacuum-dried coal samples were analyzed by 
CPh4AS 13C NMR. The spectra were curve-fitted and integrated. and the aromaticities (fa) 
were calculated based on the areas covered by the spectra in aromatic and aliphatic regions. 
Since the weights of both coals and residues are known, and data of overall conversions from 
coals to THF solubles are available, the percentages of the reacted aliphatic and aromatic 
carbons can be determined, as shown in Figure 3 and 4. In these figures, it is apparent that 
convening aliphatic carbons from the coal networks to THF solubles is much easier than 
convening aromatic carbons. At 4OOOC. even without catalyst or solvent, over 50% of aliphatic 
carbons are converted for all three coals. Adding the catalyst can increase the aliphatic 
conversions to greater extents. Furthermore, if teaalin is used in addition to the catalyst, sIight 
increases in the aliphatic carbon conversions of DECS-9 and DECS-11 are observed, while that 
of DECS-1 shows almost no change, which is expected because even only with the catalyst, 
the conversion approaches 100%. Comparing these three coals, the aliphatic carbons in 
DECS-1 are the easiest to be converted; those in DECS-11 are the least. In Figure 4, the 
aromatic carbons appear to be more difficult to be removed from the coal networks, and they 
are affected more strongly by the catalyst or the donor solvent than the aliphatic carbons. 
Without the presence of the catalyst or the donor solvent, less than 20% can be converted. For 
the DECS-9 coal, the conversion is negative, meaning that there are more aromatic carbons 
than we start with. This indicates the occurrence of retrogressive reactions. Therefore, to 
conven the aromatic carbons, it is crucial to use the catalyst. the donor solvent or both. For the 
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polarization magic angle spinning (CPMAS) technique. All CPMAS specua were obtained on 
a Chemagnetics NMR Model M100s. The l3C frequency was 25.15 MHz. The pulse delay 
was 1 second and the contact time was 1 ms. 

RESULTS AND DISCUSSION 

Conversions of Liauefaction 

The structures of low-rank coals are characterized by smaller aromatic ring clusters 
joined by a higher proportion of weak crosslinks than coals of higher rank. This kind of 
structural feature results in their thermally sensitive natures. The bond cleavages of those weak 
crosslinks may occur at low temperatures to yield free radicals. If the radicals are not 
stabilized, retrogressive reactions producing materials difficult to liquefy will take place. 
Therefore, it is important to determine the optimum temperatures for each coal at which thermal 
cleavages readily occur while retrogressive reactions are unlikely to occur. Liquefaction 
experiments were carried out at 25OoC, 300OC, 350°C. 400OC and 45OOC with the presence of 
Hz and the absence of a catalyst and a solvent. The conversion data are shown in Figure 1. At 
35OOC and below, reactions of all three coals are very limited, with conversions below 20%. 
As temperature increases to 400OC and 45OoC, conversions significantly and continuously 
increase. However, OUT earlier study [8] has shown that although a temperature of 45OOC 
seems to be more beneficial in obtaining high conversions, it causes severe retrogressive 
reactions which are indicated by very high aromaticities of the reaction residues. Therefore 
400°C is considered to be the best temperature for liquefaction of these coals. 

However, even at the optimum temperature, 400OC. no more than 50% of the coals can 
be. converted to THF solubles when neither a catalyst nor a solvent is involved. In an effort to 
enhance the conversions, ATTM was added as a catalyst precursor; tetralin and 1- 
methylnaphthalene were used as a hydrogen donor and a non-donor solvent respectively. The 
effects of the catalyst and solvents are presented in Figure 2. By using the catalyst, the 
conversions were increased from 45% to 95.5% for the DECS-I coal, from 24.2% to 78.5% 
for the DECS-9 coal, and from 30.6% to 63.5% for the DECS-11 coal. These increases are 
con~buted by signifcant gains in oils and asphaltenes. The gas yields in the catalytic and non- 
catalytic reactions are very similar for each coal, which is in an agreement with our earlier 
observation that the gas yield is a function of temperature, and the use of the catalyst or the 
donor solvent has no significant effect on it [8]. To maximize the conversion, tetralin and 1- 
MN were applied in addition to the catalyst. As a donor solvent, tetralin further causes more 
coal converted to THF solubles for DECS-9 and DECS-11. For DECS-1, there is no increase 
in conversion, although that is because even with only the catalyst, the conversion reaches 
95%. It is reasonable to say that this may already be the practical maximum conversion limit. 
As a non-donor solvent, 1-MN has a vely insignificant effect on the conversions of all the three 
coals. Comparing conversions at different reaction conditions, it is found that adding the 
catalyst is sufficient to achieve the highest conversion for the DECS-1 coal; while it is 
necessary to add both the catalyst and the donor solvent for the DECS-9 and the DECS-11 
coals. Among these coals, the DECS-11 is relatively unreactive, its conversion can reach only 
about 80% at the best reaction condition applied in this study. 

Product Characterization 

To produce materials from a coal for making the special chemicals, a high conversion 
has to be achieved and, more importantly, those desirable structural units in the coal 
macromolecular network have to be converted to individual molecules. In this work, one- to 
four-ring aromatic or alkylaromatic compounds were desired. In other words, more aromatic 
carbons have to be converted to THF solubles. To determine the amounts of aromatic carbons 
converted, the reaction residues as well as the vacuum-dried coal samples were analyzed by 
CPMAS l3C NMR. The spectra were curve-fitted and integrated, and the aromaticities (fa) 
were calculated based on the areas covered by the specua in aromatic and aliphatic regions. 
Since the weights of both coals and residues are known, and data of overall conversions from 
coals to THF solubles are available, the percentages of the reacted aliphatic and aromatic 
carbons can be determined, as shown in Figure 3 and 4. In these figures, it is apparent that 
converting aliphatic cartons from the coal networks to THF solubles is much easier than 
converting aromatic carbons. At 40O0C, even without catalyst or solvent, over 50% of aliphatic 
carbons are converted for all three coals. Adding the catalyst can increase the aliphatic 
conversions to greater extents. Furthermore, if tetralin is used in addition to the catalyst, slight 
increases in the aliphatic carbon conversions of DECS-9 and DECS-11 are observed, while that 
of DECS-1 shows almost no change, which is expected because even only with the catalyst, 
the conversion approaches 100%. Comparing these three coals, the aliphatic carbons in 
DECS-1 are the easiest to be converted; those in DECS-I1 are the least. In Figure 4, the 
aromatic carbons appear to be more difficult to be removed from the coal networks, and they 
are affected more strongly by the catalyst or the donor solvent than the aliphatic carbons. 
Without the presence of the catalyst or the donor solvent, less than 20% can be converted. For 
the DECS-9 coal, the conversion is negative, meaning that there are more aromatic carbons 
than we start with. This indicates the Occurrence of retrogressive reactions. Therefore, to 
convert the aromatic carbons, it is crucial to use the catalyst, the donor solvent or both. For the 
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DECS-1 coal, the catalyst is sufficient to achieve over 95% ammatic conversion; for the DECS- 
9 Coal, with both the catalyst and the donor solvent, 98% can be obtained, while for the DECS- 
11 Coal, the least convertible coal in terms of conversion, even with both the catalyst and the 
donor solvent, ody about 70% ammatic conversion can be. achieved. 

The asphaltenes and the preasphaltenes were also studied by CPMAS I3C NMR. 
Unfortunately, their spectra look so much like the vacuum-dried coals that they can not be 
characterized without other analytical techniques. The hexane solubles, defined as oils, were 
analyzed by gas chromatography, identified by gas chromatography/mass spectromeuy. 
Figure 5 represents the oils from the DECS-9 coal without the catalyst or the donor solvent, a; 
Wth the catalyst but not the donor solvent, 6; and with both the catalyst and the donor solvent, 
c. In Figure 5-a, the oil contains a high proportion of long-chain alkanes, i. e. from n-Cl2 to 
n-C33. At retention time of about 6.0 minutes, there is a very strong peak identifed as toluene. 
In low-rank coals such as DECS-9, small aromatic clusters dominate [4, 51, and they are 
Connected by aliphatic cmsslinks. Once the cmssliis break, these small aromatic clusters will 
be released. In the DECS-9, as shown in our recent work [4], one-ring structural units are 
abundant and thus when liquefying the coal, toluene (instead of benzene) will be a major 
product, because the benzylic C-C bond has a much lower dissociation energy than the phenyl 
C-C bond [9]. Relative to those of aliphatics, the amounts of aromatic compounds in the oil 
(with relation times from 15 minutes to 30 minutes) are much smaller (Figure 5a), indicating 
that this reaction condition suppresses the production of aromatic compounds in the oil. 
Comparing with the case without the catalyst or the donor solvent, adding A'ITM into the 
reaction system appears to favor the yields of aromatic compounds. As shown in Figure 5b, 
the alkylbenzenes, phenol and alkylphenols are the major components in the oil. This 
observation agrees with our earlier finding that the catalyst is particularly beneficial in 
converting the aromatic carbons from the coal to THF solubles rather than converting the 
aliphatic carbons [8]. Furthermore, when we use tetralin in addition to the catalyst, the yields 
of phenolic compounds remain very high, Figure 5c; the one-ring aromatics seem to be in a 
lower proportion; and the yields of two-ring aromatics, such as indane, alkylindanes and 
alkylnaphthalenes have increased. The large peaks at retention times about 24.5 minutes and 
27.0 minutes are due to tetralin and naphthalene, the solvent and the dehydrogenated solvent. 
It is likely that the increased yields of alkylindanes and alkylnaphthalenes are due, at least in 
part, to the use of tetralin. In the GC study, three- or four-ring compounds appear to be in 
small amounts and not affected by either the catalyst nor the solvent. This may be because they 
are less abundant than the one- or two-rings in the coal, or because their solubilities in hexane 
are smaller and therefore it is hard to detect the differences at different cases. 

CONCLUSIONS 

In liquefaction of the three low-rank coals, temperature is found to be optimum at 
4oOoC. Reactions without the catalyst or the donor solvent provide very low conversion, i. e. 
less than 50%. for all three coals. As for the DECS-1 coal, the A'lTM-derived catalyst is 
sufficient in terms of a high conversion. As for the DECS-9 coal, only when both the catalyst 
and the donor solvent are. used can conversion as high as 98% be achieved. For the DECS-11 
coal, even under the best reaction condition, which is at 400°C with the catalyst and the 
solvent, the conversion only reaches 78%. Therefore, the DECS-11 coal is the least 
convertible coal among the three. 

The investigation on reaction residues by solid-state NMR shows that it is relatively 
easier to convert aliphatic carbons from coals to THF solubles, and that the catalyst and the 
donor solvent can both be beneficial but the effects are. moderate. The amounts of aromatic 
carbons being converted from the coals appear to be small when the catalyst or the donor 
solvent is not present, and they can even be negative, indicating that retrogressive reactions 
have occurred. Adding the catalyst and the solvent significantly enhances the reactions of 
aromatic carbons. 

The study of the oils agrees with what has been observed on the residues. Without the 
presence of the catalyst or the solvent, the oils contain large amounts of long-chain alkanes; 
while with the catalyst and the donor solvent, more aromatic materials, such as phenolic 
compounds, alkylbenzenes and some two-ring compounds, can be produced. With further 
extraction and purifcation, these compounds might be. used as for making specialty chemicals 
for some advanced materials. 
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Table 1. Analysis of the coal samples 
DECS-1 DECS.11 DECS-9 - 

state Texas North Dakota Montana 
county Freestone Mercer Bighorn 
city Fairfield Defker 
seam Bottom Beulah Die= 
ASTM rank subbit C lignile subbit B 
sampling dale 12/11/89 6/15/93 6lIu90 

30.0 33.4 24.7 
11.1 6.4 4.8 ash 

volrile 33.2 37.4 335 
lined calbon 25.8 22.9 37.1 

7 - 
hydrogen 55 4.4 5.1 
niuogen I .5 1 .o 0.9 

carbon 76.1 74.2 76.1 

organic sulfur 1.1 0.4 0.3 
oxyga 15.8 20.0 175 
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Figure 1. Conversions of the three coals at temperatures from 250°C to 45OOC 
without a catalysi or a solvent 
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Figure 2. Liquefaction conversions of the three coals at 400°C under four 
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Introduction 
Earlier, related studies have shown that porous carbons can be produced by 

phosphoric acid activation of coals and hardwood [1-4]. One of the fmdings was that the 
development of surface area appears to be rank-dependant. It is also supposed that maceral 
composition will affect the response to phosphoric acid activation, although there is no 
available information on this subject. 

macerals. The objectives are to examine the effects of maceral composition and rank on 
porosity development, and to understand the individual and collective contributions of 
maceral groups to the activation of Coals by phosphoric acid. 

used as s w i n g  material for the production of activated carbons by H3W4 activation. The 
chemical, morphological, and surface area changes were followed as a function of reaction 
temperatures and are compared to the results of previous studies. 

Experimental  

Maceral Separation 
Bench samples of Stockton coal (hvA bituminous) were collected from fresh 

highwall exposures in the field in eastern Kentucky. Samples were chosen for their high 
viuain content. In the laboratory, vitrain-rich benches were chosen to facilitate hand 
picking of vitrains. The samples were coarsely ground in a mortar and pestle to about 4 
mesh and then split into approximately log samples for laterexperiments. 

Petrographic pellets were made from a representative split of the vitrain concentrate 
to ascertain maceral content and purity. Standard preparation and polishing techniques 
were used. The Stockton sample was found to have a mineral matter-free viuinite content 
of 93.5%. Table 1 shows maceral composition for this sample as determined by point- 
count analysis. 

Carbon Synthesis 
Activated carbons were produced according to procedures described in earlier 

carbon studies [l-41. A split of the vitrinite concentrate was placed in a quartz crucible with 
a !mown volume and concentration of phosphoric acid to give an aciddry coal ratio of 
approximately 0.96. The quartz boat was placed in a stainless steel oven tube, which was 
then flushed with nitrogen gas. It was then reacted at a low temperature (17OOC) for 0.5h 
after which it was heated to a fmal heat treatment-temperature (m ranging from 350OC 
to 550°C. and allowed to react for Ih at temperature. After the sample had cooled to rmm 
temperature it was leached with hot distilled water until the pH of the leachate was at or 
near neutral. Leached samples were then dried in a convection oven at about looOC for 1.5 
to 2h. Prior to nitrogen BET analysis, these samples were funher dried in a vacuum oven 
at 1 looC to insure complete outgassing. For comparison thermal counterparts were also 
run. These splits were treated as already described except that no acid was added prior to 
heat treatment 

Characterization 
Proximate and ultimate analyses were performed following standard procedures 

Fourier-transform infrared spectroscopy @TIR) data were collected on a Nicolet 20SX 
spectrometer at 4 cm-’ resolution using pressed KBr pellets which contained approximately 
0 . 5 ~  % sample. Specva were normalized to a 1/200 concentration of sampldKBr to 
allow direct comparison between spectra. 

Epoxy impregnated pellets of each activated carbon were prepared for petrographic 
and vitrinite reflectance analysis. Optical characterization was performed on a Zeiss 
microscope equipped with a 4Ox oil immersion lens. Modal maximum vivinite reflectance 
(%R-) measurements were collected from 25 sampledpellet. Measurements were taken 
at 546nm wavelength and standardized against a set of glass standards. Photographs were 
taken of several of the fields of view using the same microscope equipped with a 40x 
Antiflex lens. In several instances, the polars were crossed to determine the extent of 
anisotropy in the carbons. 

77K using a Quantachrome Autosorb 6. Macro and meso-pore volumes and surface mas 
were measured using a Quantachrome Autoscan-60 mercury porosimeter. 

~n thjj context, a study has been initiated of the phosphoric acid activation of coal 

In this study, a vitrinite concentrate from an hvA bituminous coal (Stockton) was 

Surface area measurements were obtained from nitrogen adsorption isotherms at 
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Results and Discussion 

@tical Characteristics 
The maximum viuinite reflectance of the viuinite-rich samples heat treated in the 

Presence and absence of acid increases with increasing HlT (Fig.1). As found in earlier 
studies, up to HlT of 450°C the acid-treated carbons exhibit higher vitrinite reflectances 
than their thermal analogs, while above 45OOC this relationship is reversed. Vitrain rich 
samples follow the same trends that were observed for whole coals [1-4]. 

lower than that of telocollinite, throughout the range of activation temperatures. 
Reflectance data reported here were measured on telocollinite. The apparent difference in 
reflectance between the two suhmacerals lessened with increasing HlT. At H l T s  above 
350T it became more difficult to differentiate between desmocollinite and telocollinite, and 
this, as well as misidentification of semifusinite, may account for the spread in vimnite 
reflectance values that were found in taking measurements. Resinite occurs in the 
desmocollinite of the vitrinite-rich samples up to H l T s  of 35OOC, after which it was no 
longer evident, having been either transformed or removed. 

Some degree of anisotropy was observed in the vitrinites at higher H l T s ,  changes 
in reflectance of up to 0.1% were noted upon rotation of the stage. This anisotropy was 
clearly visible when the antitlex lens was used. The anisotropy did not develop to a great 
extent even at 450°C or 550°C. rather it occurred around vacuoles in the vitrinites. 

These vacuoles (approximately 50 pn in diameter) were formed in both the thermal 
and acid-treated samples and become far more prevalent with increasing HlT. In the acid- 
treated samples at H l T  of 350°C some of the larger pieces of viuinite showed evidence of 
a reaction front, usually associated with some of the vacuoles as well as with cracked 
edges. There was a visible difference in reflectance of the vitrinite by as much as 0.3% 
across these aureoles, with the higher reflectances being in the outer region. Examination 
of these aureoles with the antiflex objective suggested that they were reaction fronts rather 
than anisotropic zones. At the maximum HlT (55OOC) the acid mated samples appeared 
much more macerated and friable, exhibiting many small pits between the larger vacuoles. 

Chemical composition 

increased HlT (Fig. 2); however, the loss of hydrogen with H T I  is more extensive upon 
reaction with H3P04. This result supports the FTIR observation that the acid treated 
samples lost aliphatic hydrogen more quickly than the thermal samples as found in previous 
studies with whole coals 11-41, A negative relationship is found to exist between %R,, 
and WC ratio. As the samples in both suites lose hydrogen *ere is a corresponding 
increase in %R,, (Fig.1). 

FIlR analyses show good correspondence with the elemental data with respect to 
loss of hydrogen. As can be seen in Figure 3, the overall trend of decreasing aliphatic 
content with increased HTI  can be Seen by the disappearance of peaks in the 2900 cm-' 
wavenumber range. The existence of various inorganic phases present in these samples 
obscures many of the peaks in the lower wavenumber range. 

In the acid-treated samples there is a very strong peak around 1200cm-' that in 
previous studies has been assigned to phosphateesters [3-41 . In these samples it appears 
that there is significant overlap in this region with inorganics that appear in the thermal 
control samples as a peak only slightly shifted up from the 1200 cm-' peak. 

The carbonyl peak at 1700cm-' decreases in intensity and shifts to lower 
wavenumbers with increasing HlT in both the thermal and acid-ueated samples. It 
disappears completely above 350OC. This shift is greater in the thermal blanks, between 
the parent and 350°C. than in the acid-treated samples. Thii may indicate that the carbonyl 
functions in the acid-treated samples are more strongly bound, perhaps by resonance with 
nearby double bonds. 

Aliphatic peaks at about 2900cm-' decrease in both of the sample suites and are 
virtually eliminated above 350°C. These peaks decrease more quickly for the acid-treated 
samples than for the thermal samples, and the aromatic C-H peak at 3000cm-' appears 
more well developed in the acid runs. This latter effect may be more a function of greater 
intensity of the -OH broad peak which may be overlapping this peak in the thermal runs. 

Surface Area Measurements 
Table 2 shows that the thermally treated vitrain samples develop virtually no 

porosity or surface area. Upon acid treatment, porosity starts to develop after 35OoC, with 
most of the porosity residing in the microporous range. 

shown in figure (4) which also shows results obtained by Jagtoyen et al. [6]  for different 
starting materials. In each case there is a maximum in the surface area with HlT which 
decreases with rank and shifts to higher temperatures. 

In most of the carbons, it was noted that the desmocollinite reflectance was slightly 

Both the acid-treated and thermal suites of samples show a loss of hydrogen with 

The data on the development of surface areas of acid treated samples with HlT are 
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The extent of surface area development decreases in the order: hardwood > 
subbituminous coal > hvC bituminous coal > hvA vitrain, which tends to confirm the 
supposition that the extent of metamorphism reduces the response to phosphoric acid 
activation [61. 

Conclusions 

picked from the Stockton hvA bituminous coal. Reactions were conducted at HTT from 
350°C 5 5 E  . 'Thermal blanks were generated under similar conditions for 
companson. 

With increasing HlT, acid-ueatment promotes more extensive loss of hydrogen. The 
infrared spectra show the early loss of aliphatic groups and increasing aromaticity for 
samples reacted with H3P04. Shifting behaviour of the carbonyl peak at 1700cm-' in the 
spectra suggests greater resonance stabilization of carbonyl functions in the acid-mated 
samples than in the thermal control samples. 

reflectance with H?T: this is higher for acid-treated than thermal carbons up to about 
4509C. above which temperature the reverse is the case. These changes are in keeping 
with the findings of earlier studies. 

Sutface area development with H I T  is less than found for lower rank materials, 
which is also in keeping with the suggestion that metamorphic changes reduce the response 
to H3P04 activation. Hence, at this stage of the research, it is not yet possible to 
distinguish maceral from rank effects on pore structure development. 
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Table 1. Maceral composition of hand-picked Stockton hench 2. 

Telocollinite 70.5 
Desmocollinite 23.0 
Pyrofusinite 2.5 
Scmifusinite 2.0 
Exinite 2.0 

- 
%- . .  

Table 2. Composition and porosity of samples in this study. 

HTTmreatment %Rmax Atomic HIC BET S.A. 

Parent 0.8 0.06 ooo 
35KIAcid 1.4 0.05 W) 
3 5 m e r m a l  1 .o 0.06 OW 
45WAcid  2.0 0.04 1 1 0  
450@€/ll1ermal 1.5 0.04 ooo 
5500CIAcid 2.5 0.02 36 1 
m o o  

Cmw - 

Parent 

0 . 4 .  I .  I .  I - I .  I .  I 
0 100 200 300 400 500 600 

HTT ( C) 
Figure 1:  Relationship between reflectance and HIT for carbons 

produced from Stockton viuinite-concentrate 
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Figure 2: Relationship between WC and H I T  for 
Stockton vitrinitc-concentrate 
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Figure 3: FTR spectra for acid treated carbons (top) and thermal counterparts (bottom) 
from vitrain concentrates. 
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INTRODUCTION 

Coal’s low hydrogen to carbon ratio gives coal physical properties that are not the most desired 
in fuel markets. The problem is dealt with in conversion technologies designed to upgrade coal 
to more desirable fuels by either: 1) chemically adding hydrogen, as in liquefaction or high-BTU 
gasification, or 2) the production of char, as in mild gasification. The first option is neither cost- 
effective nor environmentally sound. Liquefaction results in the production of one mole of 
carbon dioxide for each mole of hydrogen needed. The result is that despite the preferred 
hydrogen to carbon ratio in the fuel, carbon dioxide is produced in greater quantities than it 
would be by simply burning the coal. The depressed market value of char is the primary 
drawback of coal utilization technologies exercising the second option. Making value-added, non- 
fuel products from char could significantly improve the economics of overall operations and result 
in competitively-priced premium hydrocarbon fuels. The research goal of a growing number of 
groups, including ours, is to produce and describe carbon products which will command higher 
prices than the carbon (coal) from which they were produced. 

Opportunities for developing specialty chemicals and advanced materials from coals were recently 
reviewed (Song and Schobert, 1993). One- to four-ring aromatics from coal may be necessary 
to feed the rapidly growing engineering applications of aromatic polymer materials. Development 
of high-performance carbon materials, such as carbon fibers, graphites, and advanced adsorbents 
for environmental applications, is another approach for moving coal’s carbon into non-fuel uses 
(Economy et al., 1992; Thwaites et al., 1993 ). Carbons suitable for methane storage are being 
produced (Quinn and MacDonald, 1992). Carbon molecular sieves manufactured for commercial 
pressure swing adsorption (F‘SA) systems are now competing with zeolites for air separation 
applications. Illinois Basin coals have been shown to be good feedstocks for making molecular 
sieves from coal (Lizzio and Rostam-Abadi, 1993). Europeans and Japanese are reportedly 
testing carbons for adsorption of radon (Kinner et al., 1993; Nakayama et al., 1993). There are 
biotechnology applications involving carbon as a support material (Rittmann, 1993). Commercial 
use of activated carbon to reduce SO,, NO,, and mercury in the flue gas from waste incineration 
plants is well-advanced in Germany (Brueggendick and Pohl, 1993) and Japan (Tsuji and 
Shiraishi, 1991). Oxidized activated char catalysts have not only the capacity to adsorb volatile 
organic chlorides but, when heated, they catalyze decomposition of the adsorbed chlorides 
(Fatemi et al., 1993). 

This paper describes a portion of ongoing efforts to differentiate between types of oxidized 
carbon surfaces, especially those that have catalytic activity for elimination reactions, and those 
that have selective adsorptive properties for organics in the aqueous phase. It is motivated by the 
belief that identifying now the uses for high-quality carbon will stimulate future demands. 
Demands for non-fuel uses of coal will Dull coal toward the market place rather than having to 
p& products on reluctant buyers who may presently consider coal products inferior. 

Oxidized carbon surfaces were discovered in the 1960s to be catalysts for elimination of hydrogen 
chloride from alkyl halides and alkylation of aromatics (Kruse and Ray, 1966; Mahan et al., 
1967; b e ,  1969). Brief exposure to air at 550-700°C was shown to activate a wide variety 
of carbon substrates. Heating to 95OOC destroyed all catalytic activity. Amines and potassium 
salts modified the selectivity of these catalysts. Other workers reported later that inactive carbon 
surfaces could be made active for catalysis of oxidation reactions and hydrogen halide elimination 
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reactions by treatment with ammonia or HCN at elevated temperatures (Boehm et al., 1984). 
Substitution of carbon by nitrogen atoms at the edges of the carbon sheets was postulated to be 
responsible for the catalytic properties. Recent studies have revealed that nitrogen incorporated 
in activated carbons increases resistance to bum-off with CO, at 850°C (Mang et al., 1992). The 
rate of gasification did not correlate directly with the nitrogen content. Gasification rates with 
5% 0, in argon of four carbons at temperatures between 500°C and 650°C showed the rate was 
significantly reduced by nitrogen at 500°C. Curves describing burn-off rates became steeper for 
the nitrogen-enriched chars at higher temperatures. Above 570°C a carbon prepared from a 
mixture of sugar and glucosamine was oxidized more rapidly than the reference sample. 
Enrichment of nitrogen in the remaining carbon during the combustion of carbons has been seen 
previously (Spracklin et al., 1991). 

We report our observations of differences in surface nitrogen, oxygen and sulfur for a series of 
carbons as determined by X-ray Photoelectron Spectroscopy (XPS). XPS has been widely 
applied to study the surfaces of organic materials. Surface chemistry, which is frequently 
determined by varying the types of functional groups, may be revealed by XPS. Different 
functionalities containing oxygen, nitrogen, and sulfur can be quantitatively identified by X P S .  
Moreover, changes in surface functionalities due to chemical modifications can also be studied. 

EWERIMENTAL 

Seven samples were prepared from granular activated carbon (GAC), Filtrasorb-400 (F-400), 
designated herein as AR000, manufactured from a bituminous coal by the Calgon Corporation. 
Proximate and ultimate analyses were made with a LECO Mac-400 and a LECO CHN-600, 
respectively. Brunauer, Emmett, and Teller (BET) surface area, micropore volume and mesopore 
volume were all calculated for nitrogen adsorption isotherms obtained at 77K using a 
Micromeritics Nitrogen Surface Analyzer 2400 ASAP. See Table 1. 

A R O O O  was placed in an acid washing column and washed 
with 10 bed volumes of 1 .O M hydrochloric acid followed 
by 10 bed volumes of 1.0 M nitric acid. The carbon was 
then rinsed with 20 bed volumes of deionized water Moisture 1 . 1  
followed by 5 bed volumes of a carbonate solution 
buffered at pH 6. The carbon was then rinsed with 5 bed 
volumes of distilled-deionized water. The acid-washed 
A R O O O  was fluidized in ultra-high-purity (UHP) N, at 

0.25 
91.80 

950°C for 30 minutes to produce the sample designated 
0.72 FN950, from which six samples were prepared by the 

methods given in Table 2. Two additional samples, Oxygen 0.40 
SA10-14 and OSA10-14, described previously (Kruse et Sulfur 0.59 
al., 1992), were made from a mixture of Illinois No. 5 and BET Surface 1035 m2,g 
No. 6 coals. The oxidized steam-activated char (OSA10- ~i~~~~~~~ volumez o,421 cdg 
14) was active as a dehydrochlorination catalyst. Mesopore Volume' 0.23 1 cdg 

XPS involves irradiation of a sample with monoenergetic ' moisture-free basis 

x-rays resulting in subsequent emission of photoelectrons. 
By determining the kinetic energies of the emitted 
electrons, the characteristic binding energies that are dependent on the local chemical environment 
can be calculated. Since the escape depth is 30-60 A, XPS is a surface sensitive technique. 
Functional groups and the binding energies (eV) associated with them are: elemental and organic 
sulfur species at 164.2M.2, sulfates and sulfonates at 168.339.3, amines and pyridines at 398f0.3, 
pyrolic nitrogen, amides and amino groups at 400.2M.3, ammonium derivatives at 401.2M.3, 
nitrates at 405.9M.7, metal oxides at 529.5f0.2 and 53 1 SM.2, numerous special carbon-oxygen 
species and superoxide (02- ions) at 533.2M.2. Surface compositions (% atomic) calculated from 
XPS analyses for atoms appearing in amounds greater than 0.1% are given in Table 2 and the 
binding energies of selected atoms in this same group in Table 3. 

DISCUSSION OF RESULTS 

The adsorption characteristics of the carbons described herein were reported earlier this year 
(Feizoulof et al., 1993). It was found that the adsorptive capacity for p-nitrophenol increased as 
oxygen-containing functional groups put onto the carbon by nitric acid oxidation were removed 
by temperature programmed desorption. 

The variation in carbon's fraction of atoms on the surfaces of the samples (see Table 2) is related 
to coverage by oxygen for the first eight samples and to ash-forming constituents in the last two. 

Table I .  Characterization of AROOO 
Proximate analysis' 

Matter 5.4 
88.3 
6.2 ~ ~ ~ A ~ ~ h o n  

"Itimate analvsis' 
Hydrogen 

$2" 

ash-free basis 
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the distribution of C Is binding energies, it appears that the sample OSA10-14, the 
catalyst, has the highest fraction of carbon-oxygen functional (C-0 and C=O) groups. The 
oxygen pattern is that to be expected, except for DS950. Fluidization at 950°C with nitrogen 
(m950) produced the lowest surface oxygen, stripping away some of the oxygen on the as- 
received carbon. Brief air oxidation at 300°C introduced some oxygen (A0305) and boiling 
nitric acid even more (HNIOO). Some of this oxygen on HNlOO was in the form of nitrates. 
This sample's nitrogen value was higher than any other and it had a 405.9 eV X P S  peak 
indicative of nitrates. This extra nitrogen was lost in desorption at 405 "C (DS405). Oxygen 
drops to the lowest values as the desorption is continued through two higher temperatures where 
carbon dioxide is known to be the primary gas evolved. The increase in oxygen for DS950 is 
believed to have occurred after the sample was cooled. The 168 eV sulfur binding peak, not seen 
in the DS525 or DS725, is associated with sulfates. This is additional evidence that DS950 
underwent oxidation after preparation at 950°C and prior to X P S  analyses. No conclusions are 
drawn from the distribution of 0 1s binding energies; the lack of resolution of types for the last 
two samples, run at a different time by a different operator, are not considered significant. 

The coverage by nitrogen is approximately constant (0.67M.15%), within the accuracy of the 
determination at this low percentage, for nine samples (excluding HNlOO). Binding energies for 
N Is are similar, except for HNIOO, which has a nitrate peak, and FN950, which shows some 
differentiation in the 398-400 eV range not observed elsewhere. The ratio of types of nitrogen 
functionalities remaining after nitrates have been removed by heating to 405°C is not what one 
would project by simple subtraction. There may be a transformation of material initially 
responsible for a part of the 400.5 eV peak to new material having a 401 eV binding energy. 
Decomposition of amides is a possibility. Sulfur coverage is constant for the first eight samples 
and much higher for the two chars from high sulfur coal, as expected. The absence of sulfate 
in the last two samples is surprising considering how easily sulfate appears to form in the first 
eight, but this too may be a difference in instrument calibration by different operators. 

X P S  binding energies at ca. 400 eV, usually associated with amino groups or amides, and at ca 
398 eV, typically associated with nitrogen bound in aromatic rings in pyridine-like fashion, were 
reported for three carbons having differing nitrogen contents. The peak at 398 eV was much 

activity of the carbons (Mang et al., 1992; Stohr et al., 1991). We too find no correlation 
between the dehydrochlorination activity of an oxidized-carbon catalyst, OSA10-14, and the 
surface functional groups as determined by XPS. 

If nitrogen atoms contribute to the catalytic properties of oxidized carbons discovered in the 
1960s, those nitrogen atoms are likely those already present in the materials. We are unaware 
of evidence that indicates the fixation of nitrogen in burning carbonaceous material in air at 500- 
700°C. If the nitrogen inhibition reported by Mang and others is spatially limited to areas 
adjacent to bound nitrogen atoms, the nitrogen-containing formations could be left in relief on 
surface areas. This effect would be most pronounced at temperatures for which the rates of 
gasification differ the most for nitrogen-containing structures compared to nitrogen-free zones. 
Depending on the dimensions of the volume affected by the nitrogen, the distribution of nitrogen 
atoms, and the degree of gasification, nitrogen-containing functional groups would be generated 
on pore wall surfaces. 

_I 

I 
I 
L higher with NH,-treated carbons but neither signal was reported to be associated with catalytic 

I 

I 

It is postulated that the observed catalytic activity may be the result of specialized spatial 
arrangements of specific functional groups within the pores of the carbon. XPS would not reveal 
special spatial arrangements of two or more 
functional groups on pore walls which may be 
responsible for catalysis. Figure 1 diagrams 
one of many arrangements that could catalyze 
elimination in high yields without 
rearrangement of the carbon skeleton. This 
lack of rearrangement was of special 
importance to the industrial research goals in 
the 1960s because biodegradability of 
commercial detergents depended on preserving 
the linearity of the olefins. 

CONCLUSIONS 

Failure to correlate surface functional groups, 
identified by XPS, with catalyst activity is not unexpected if activity is dependent on functional 
groups located on critically-spaced opposing surfaces of pores. If catalyst sites are internal, 
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determining adsorption differences and increased strengths of adsorption due to chelation between 
properly spaced groups may be more fruitful. The use of Mossbauer Spectroscopy to follow field 
effects of the type studied with tin is another possibility (Larsen et al., 1982). Future work 
should include monitoring the evolution of nitrogen oxides in TPD analyses in addition to CO, 
and CO to determine what combination of groups may be involved. 
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Table 2 

ID # Description C O N S S i  

A R O O O  Calgon F400 commercial activated carbon 88.8 9.7 0.6 0.2 0.5 
FN950 Acid-washed AROOO fluidized in high purity 90.8 7.2 0.8 0.2 0.4 

A0305 FN950 oxidized, 573 K, 10% 0490% N,, 5 min 90.5 8.1 0.7 0.2 0.4 
HNlOO FN950 oxidized with 1.0 M HNO, 87.7 10.1 1.1 0.2 0.5 
DS405 HNlOO outgassed at 678 K in high purity N, 88.1 10.3 0.7 0.2 0.4 
DS525 HNlOO outgassed at 798 K in high purity N, 91.1 7.4 0.5 0.2 0.5 

Surface composition (% atomic) by XPS 

N, at 1223 K for 30 min. 

\ DS725 HNlOO outgassed at 998 K in high purity N, 90.6 7.7 0.7 0.2 0.5 

AROOO 

FN950 

A0305 

HNlOO 

DS405 

DS525 

DS725 

DS950 

SA1 0-1 4 

OSA10-14 

284.6 62 
286.0 21 
288.9 17 
284.6 62 
286.0 22 
288.9 16 
284.6 66 
286.1 19 
289.2 I5 
284.6 68 
286.2 18 
289.1 14 

284.6 58 
286.0 25 
288.7 17 
284.6 66 
286.1 22 
289.6 12 
284.6 63 
286.0 21 
289.2 16 
284.6 65 
286.0 21 
289.3 14 

284.6 64 
286.3 23 
289.7 12 
284.6 60 
286.0 30 
290.0 10 

531.5 52 
533.3 48 

531.5 32 
533.2 68 

531.5 32 
533.2 68 

531.5 53 
533.2 47 

531.6 32 
533.1 68 

529.5 22 
531.5 35 
533.2 43 

531.4 54 
533.3 46 

531.5 55 
533.3 45 

533.2 100 

533.2 100 

399.4 27 
401.4 73 

397.9 11 
399.8 51 
401.3 38 

399.3 35 
401.2 65 

400.5 85 
405.9 15 

399.3 31 
400.9 69 

398.8 35 
401.1 65 

398.8 33 
401.2 67 

400.8 31 
401.2 69 

398.6 22 
401.2 78 

398.7 22 
402.3 78 

164.4 71 
168.6 29 

164.2 61 
168.6 39 

164.2 77 
168.6 23 

164.2 63 
168.4 37 

164.1 84 
168.2 16 

164.1 100 

164.2 100 

164.3 83 
168.3 17 

163.9 100 

163.9 100 
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Yuan C .  F u .  K a t s u y a  I s h i k u r o .  M a k o t o  A k i y o s h i  
D e p a r t m e n t  o f  A p p l i e d  C h e m i s t r y  
M u r o r a n  I n s t i t u t e  o f  T e c h n o l o g y  

M u r o r a n  0 5 0 .  J a p a n  

M i t s u y o s h i  Yamamoto .  T a k e s h i  K o t a n i g a w a  
G o v e r n m e n t  I n d u s t r i a l  D e v e l o p m e n t  L a b o r a t o r y .  H o k k a i d o  

S a p p o r o  0 6 1 .  J a p a n  

K e y w o r d s :  H y d r o d e s u l f u r i z a t i o n .  S y n g a s .  D e u t e r i u m  O x i d e  

I N T R O D U C T I O N  

I t  h a s  b e e n  s h o w n  t h a t  c o a l  l i q u e f a c t i o n '  a n d  c o ~ r o c e s s i n g ~ * ~  
o f  c o a l  w i t h  p e t r o l e u m  s o l v e n t s  c o u l d  b e  c a r r i e d  o u t  u s i n g  s y n g a s  
( H r + C O )  a n d  s t e a m  i n s t e a d  o f  h y d r o g e n .  H i g h  c o a l  c o n v e r s i o n  

c o u l d  b e  o b t a i n e d  w i t h  c o n s i d e r a b l e  s a v i n g  i n  h y d r o g e n  c o n s u m p -  
t i o n .  E a r l i e r  s t u d i e s  h a v e  a l s o  s h o w n  t h a t  m o d e l  c o m p o u n d s  c o u l d  
b e  h y d r o g e n a t e d  a n d  d e s u l f u r i z e d  i n  t h e  p r e s e n c e  o f  p e t r o l e u m  
s o l v e n t s  a n d  c a t a l y s t  u s i n g  s y n g a s  w i t h  s t e a m .  I t  w a s  c o n s i d e r e d  
t h a t  t h e  C O  i n  t h e  s y n g a s  r e a c t s  w i t h  s t e a m  t o  f o r m  h y d r o g e n  v i a  
w a t e r - g a s  s h i f t  r e a c t i o n .  a n d  t h a t  t h e  h y d r o g e n  f o r m e d  c o u l d  a l s o  
p a r t i c i p a t e  i n  t h e  h y d r o g e n a t i o n  'of c o a l .  b u t  t h e  f a t e  o f  h y d r o -  
g e n  f o r m e d  f r o m  t h e  w a t e r - g a s  s h i f t  r e a c t i o n  was n o t  k n o w n .  I t  
i s  known t h a t  d e u t e r i u m  i s  i n c o r p o r a t e d  i n t o  r e a c t i o n  p r o d u c t s  
d u r i n g  c o a l  l i q u e f a c t i o n  u n d e r  D z  g a s ' .  a n d  t h a t  h y d r o g e n /  
d e u t e r i u m  t r a n s f e r  o c c u r s  a m o n g  s o l v e n t .  r e a c t i o n  p r o d u c t s  a n d  
g a s  when d e u t e r i u m - l a b l e d  s o l v e n t s  a r e  u s e d  i n  c o a l  l i q u e f a c t i o n  
e x p e r i m e n t s 5 .  

T h i s  s t u d y  d e a l s  w i t h  h y d r o d e s u l f u r i z a t i o n  o f  a s u l f u r -  
c o n t a i n i n g  m o d e l  c o m p o u n d  u s i n g  s y n g a s  a n d  s team.  I n  o r d e r  t o  
u n d e r s t a n d  t h e  r o l e s  o f  m o l e c u l a r  h y d r o g e n  a n d  w a t e r  i n  t h e  
s y n g a s  s y s t e m  d u r i n g  t h e  h y d r o d e s u l f u r i z a t i o n .  e x p e r i m e n t s  were 
c a r r i e d  o u t  t o  t r e a t  d i b e n z o t h i o p h e n e  i n  t h e  p r e s e n c e  o f  s o l v e n t  
a n d  c a t a l y s t  u n d e r  p r e s s u r e  u s i n g  Hz-CO-Dz0.  D z - C O - H z 0  a n d  N z - D z O  
s y s t e m s .  D e u t e r i u m  g a s  a n d  Dz0  were u s e d  i n  a n  e f f o r t  t o  s t u d y  
t h e  i n c o r p o r a t i o n  o f  h y d r o g e n  f r o m  t h e  g a s  a n d  water by t r a c i n g  
t h e  m i g r a t i o n  o f  d e u t e r i u m  t h r o u g h  t h e  s y s t e m .  

E X P E R I M E N T A L  

T h e  h y d r o d e s u l f u r i z a t i o n  o f  d i b e n z o t h i o p h e n e  was c o n d u c t e d  
i n  a s h a k i n g  2 5 - m I  m i c r o r e a c t o r  i n  t h e  p r e s e n c e  o f  d e c a l i n  
s o l v e n t  a n d  a c o m m e r c i a l  N i M o / A l z O s  c a t a l y s t ( N i p p o n  M i n i n g  C o . )  
u s i n g  s y n g a s  a n d  water  a t  a n  i n i t i a l  p r e s s u r e  o f  a b o u t  7 0  kg /cm2  
i n  m o s t  c a s e s .  T h e  r e a c t o r  w a s  q u i c k l y  h e a t e d  U P  i n  a f l u i d i z i n g  
s a n d  b a t h  a n d  m a i n t a i n e d  a t  4 0 0 ° C  f o r  4 5  m i n u t e s .  a n d  t h e n  
r a p i d l y  q u e n c h e d  i n  a c o l d  water  b a t h .  V a r i o u s  R z : C O : H z O  m o l e  
r a t i o s  w i t h  H 2 / C O  m o l e  r a t i o s  v a r y i n g  f r o m  1 t o  3 a n d  H z O / G O  m o l e  
r a t i o s  v a r y i n g  f r o m  0 . 3  t o  1 . 0  were u s e d .  F o r  t h e  e x p e r i m e n t s ,  
a m i x t u r e  o f  3 0  p a r t s  o f  d i b e n z o t h i o p h e n e  a n d  7 0  p a r t s  o f  s o l v e n t  
w a s  p l a c e d  i n  t h e  m i c r o r e a c t o r .  1 0  w e i g h t  % [ b a s e d  o n  t h e  
m i x t u r e )  o f  g r o u n d  p r e s u l f i d e d  c a t a l y s t  was c h a r g e d .  a n d  
c a l c u l a t e d  a m o u n t  o f  w a t e r  w a s  a d d e d  b e f o r e  t h e  r e a c t o r  was 
p r e s s u r e d  w i t h  s y n g a s .  A f t e r  t h e  r e a c t i o n .  t h e  l i q u i d  p r o d u c t s  
w e r e  a n a l y z e d  b y  a S h i m a d z u  G C - I 4 A  g a s  c h r o m a t o g r a p h  u s i n g  O V - 1  
f u s e d  s i l i c a  c a p i l l a r y  c o l u m n ( 6 0 m X  0 . 2 5 m m @  ) .  a n d  g a s o u s  p r o d u c t s  
w e r e  a n a l y z e d  b y  a S h i m a d z u  GC-14A g a s  c h r o m a t o g r a p h .  

I n  e x p e r i m e n t s  u s i n g  Dz g a s  a n d  D z 0 .  a n  i n i t i a l  p r e s s u r e  o f  
a b o u t  4 0  k g / c m 2  was u s e d  b e c a u s e  o f  l o w  p r e s s u r e  a v a i l a b l e  f o r  
t h e  D z  bomb.  T h e  l i q u i d  p r o d u c t s  were a n a l y z e d  b y  a S h i m a d z u  Q P -  
1 0 0 0  g a s  c h r o m a t o g r a p h - m a s s  s p e c t r o m e t e r .  S p e c t r a l  a n a l y s i s  was 
p e r f o r m e d  u s i n g  t h e  known s p l i t  p a t t e r n s  o f  v a r i o u s  u n d e u t e r a t e d  
c o m p o u n d s .  F o r  t h e s e  r u n s .  s amples  o f  t h e  g a s e o u s  p r o d u c t s  w e r e  
o b t a i n e d  b y  p a s s i n g  t h r o u g h  a d r y  i c e  a n d  a c e t o n e  t r a p  t o  r e m o v e  
m o i s t u r e  P r i o r  t o  a n a l y s i s  u s i n g  g a s  c h r o m a t o g r a p h  a n d  a ULVAC 
M S Q - 1 5 0 A  q u a d r a p o l e  mass a n a l y z e r .  F o r  h y d r o g e n  a n a l y s i s .  
r e l a t i v e  i n t e n s i t i e s  o f  p e a k s  o f  m o l e c u l a r  i o n s  were u s e d  t o  
e s t i m a t e  t h e  r e l a t i v e  p o r t i o n s  o f  H z .  HD. a n d  D z .  
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RESULTS A N D  DISCUSSION 

B Y d r o d e s u l f u r i z a t i o n  o f  D i b e n z o t h i o p h e n e  i n  V a r i o u s  
S o l v e n t s .  D u r i n g  c o a l  l i q u e f a c t i o n ,  l a r g e  c o a l  m o l e c u l e s  
f r a g m e n t  t h e r m a l l y  a n d  a r e  h y d r o g e n a t e d  v i a  h y d r o g e n  t r a n s f e r  
f r o m  a d o n o r  s o l v e n t .  C o p r o c e s s i n g  o f  c o a l  w i t h  p e t r o l e u m  
s o l v e n t s  u s i n g  e i t h e r  h y d r o g e n  o r  s y n g a s  w i t h  s team w a s  a l s o  
a i d e d  by t h e  p r e s e n c e  o f  t e t r a l i n 3 .  D i h e n z o t h i o p h e n e  w a s  
i n i t i a l l y  h y d r o d e s u l f u r i z e d  i n  t h e  p r e s e n c e  o f  v a r i o u s  s o l v e n t s  
i n c l u d i n g  d e c a l i n .  t e t r a l i n .  a n d  a m i x t u r e  o f  d e c a l i n  a n d  a n  
a r o m a t i c  c o m p o u n d .  T h e  r e s u l t s  o f  h y d r o d e s u l f u r i z a t i o n  c a r r i e d  
O u t  u n d e r  h y d r o g e n  a n d  s y n g a s  p r e s s u r e s  a r e  s h o w n  i n  T a b l e  I .  
D i b e n z o t h i o p h e n e  w a s  e a s i l y  h y d r o g e n a t e d  a n d  d e s u l f u r i z e d  by 
h y d r o g e n  t o  f o r m  m a i n l y  b i p h e n y l .  c y c l o h e x y l b e n z e n e .  b i c y c l o -  
h e x y l .  a n d  d e c o m p o s e d  p r o d u c t s .  T e t r a l i n  d o n a t e d  s o m e  h y d r o g e n  
t o  f o r m  n a p h t h a l e n e ,  b u t  was a l s o  h y d r o g e n a t e d  t o  f o r m  d e c a l i n .  
D e c a l i n  c o n v e r t e d  t o  s m a l l  a m o u n t s  o f  t e t r a l i n  a n d  n a p h t h a l e n e .  
A n  a r o m a t i c  c o m p o u n d  w a s  a d d e d  w i t h  a n  i n t e n t i o n  o f  f i n d i n g  o u t  
t h e  e f f e c t s  o f  a r o m a t i c  c o m p o u n d s  o n  h y d r o g e n  t r a n s f e r  b e t w e e n  
d e c a l i n  a n d  d i b e n z o t h i o p h s n e .  T h e  h y d r o g e n a t e d  p r o d u c t s  f r o m  1- 
m e t h y l n a p h t h a l e n e  was n o t  i n c l u d e d  i n  t h e  t a b l e .  When  a n  
a r o m a t i c  c o m p o u n d  was  a d d e d  t o  d e c a l i n  a s  t h e  s o l v e n t ,  t h e  e f f e c t  
o n  t h e  p r o d u c t  d i s t r i b u t i o n  was n o t  c o n c l u s i v e .  b u t  h i g h  d i b e n z o -  
t h i o p h e n e  c o n v e r s i o n s  w e r e  o b t a i n e d  w i t h  a l l  s o l v e n t s .  I t  
a p p e a r s  t h a t  c a t a l y t i c  h y d r o g e n a t i o n  b y  h y d r o g e n  g a s  p l a y s  t h e  
d o m i n a n t  r o l e  w i t h  r e s p e c t  t o  t h e  h y d r o d e s u l f u r i z a t i o n .  

When d i b e n z o t h i o p h e n e  w a s  t r e a t e d  w i t h  s r n g a s  a n d  s t e a m  
( H ~ : G 0 : H ~ 0 = 1 : 1 : 0 . 3 ) .  t h e  h y d r o g e n a t i o n  a n d  d e s u l f u r i z a t i o n  
a c t i v e t i e s  were l o w e r .  T h e  y i e l d s  o f  h y d r o g e n a t e d  p r o d u c t s .  
c ~ c l o h e x y l b e n z e n e  a n d  b i c y c l o h e x r l .  were l o w e r .  T h e s e  r e s u l t s  
i n d i c a t e  t h a t  t h e  p e r f o r m e n c e  o f  s y n g a s  i n  h y d r o d e s u l f u r i z a t i o n  
d i d  n o t  c o m e  u p  t o  t h e  s a t i s f a c t o r y  l e v e l  t h a t  w a s  o b s e r v e d  i n  
c o a l  l i q u e f a c t i o n .  I n  c o a l  l i q u e f a c t i o n .  t h e  p e r f o r m a n c e s  w i t h  
s y n g a s  a n d  H 2  c o m p a r e  r a t h e r  c l o s e l y  e x c e p t  t h a t  a s p h a l t e n  l e v e l s  
o f  t h e  s y n g a s  p r o d u c t s  were s o m e w h a t  h i g h e r ’ .  

T a b l e  2 s h o w s  t h e  r e s u l t s  o f  h y d r o d e s u l f u r i z i n g  d i b e n z o t h i o -  
p h e n e  u s i n g  d e c a l i n  s o l v e n t  a n d  s y n g a s  w i t h  s t e a m  a t  v a r i o u s  
H z : G O : H z O  r a t i o s .  T h e  d i b e n z o t h i o p h e n e  c o n v e r s i o n  i n c r e a s e d  w i t h  
H n / C O  m o l e  r a t i o .  w h i l e  H z O / C O  m o l e  r a t i o  was  m a i n t a i n e d  a t  0 . 6 .  
T h e  d a t a  i n d i c a t e  t h a t  t h e  H20 l e v e l  a t  t h e  H ? O / G O  m o l e  r a t i o  o f  
a b o u t  0 . 6  i s  a p p r o p r i a t e  o r  a b o u t  opt , imum t o  g i v e  b e t t e r  r e s u l t s  

I y i e l d i n g  m o r e  h y d r o g e n a t e d  p r o d u c t s .  T h e  e x t e n t  o f  w a t e r - g a s  
s h i f t  r e a c t i o n  w a s  r a t h e r  e x t e n s i v e  a s  c a n  b e e n  s e e n  f r o m  h i g h  G O  
c o n v e r s i o n s  o b t a i n e d  i n  a l l  r u n s .  T h e  G O  c o n v e r s i o n s  were 
c a l c u l a t e d  o n  t h e  b a s i s  o f  t h e  a m o u n t s  o f  C D n  f o r m e d .  A s  was 
o b s e r v e d  i n  c o a l  l i q u e f a c t i o n  a n d  c o p r o c e s s i n g  u s i n g  s y n g a s .  H Z  
f o r m a t i o n  v i a  w a t e r - g a s  s h i f t  r e a c t i o n  r e s u l t e d  i n  r e d u c t i o n  o f  
h y d r o g e n  c o n s u m p t i o n  a n d  i n c r e a s e  o f  H z / C O  m o l e  r a t i o  a f t e r  t h e  
r e a c t i o n .  

1 

i 

i 

R y d r o d e s u l f u r i z a t i o n  U s i n g  S y n g a s  C o n t a i n i n g  0 2 0  a n d  0 2 .  
E x p e r i m e n t s  w i t h  s y n g a s  c o n t a i n i n g  Dn0 a n d  D n  were c a r r i e d  o u t  t o  
o b s e r v e  how t h e  h y d r o g e n  t r a n s f e r  r e a c t i o n s  o c c u r e d  f r o m  Hn0 a n d  
g a s - p h a s e  h y d r o g e n .  D i b e n z o t h i o p h e n e  was h y d r o d e s u l f u r i z e d  i n  
t h e  p r e s e n c e  o f  d e c a l i n  s o l v e n t  u s i n g  H n - C O - D z O ( 1 : l : I )  a n d  D z - C O -  
HzO(1:I:I) g a s  s y s t e m s  a s  s h o w n  i n  T a b l e  3 .  A n o t h e r  e x p e r i m e n t  
u s i n g  N z - D z O ( 2 : I )  system was a l s o  c a r r i e d  o u t .  I n i t i a l  p r e s s u r e s  
o f  s y n g a s  a n d  N n  u s e d  were l o w e r ( a h o u t  4 0  kg /cm‘ )  i n  t h i s  s e r i e s  
o f  e x p e r i m e n t s  b e c a u s e  o n l y  a l i m i t e d  p r e s s u r e  o f  D Z  g a s  was 
a v a i l a b l e .  S i m i l a r  t o  t h e  r e s u l t s  s h o w n  i n  T a b l e  2 .  b o t h  t h e  
h y d r o d e s u l f u r i z a t i o n  a n d  w a t e r - g a s  s h i f t  r e a c t i o n  p r o g r e s s e d  
m o d e r a t e l y .  I n  t h e  e x p e r i m e n t  u s i n g  N z - D z O  s y s t e m .  s o m e  d i b e n z o -  
t h i o p h e n e  d e c o m ~ o s e d  t o  f o r m  b i p h e n y l .  a n d  t h e  f o r m a t i o n  o f  
n a p h t h a l e n e  f r o m  d e c a l i n  i n c r e a s e d .  

T h e  r e a c t i o n  p r o d u c t s  a n d  r e m a i n i n g  s o l v e n t s  were a n a l y z e d  
u s i n g  C C - U S .  a n d  d e u t e r i u m  d i s t r i b u t i o n s  i n  t h e  p r o d u c t s  a n d  
s o l v e n t s  a r e  s h o w n  i n  F i g u r e  1 .  I n  t h e  H n - C O - 0 2 0  s y s t e m .  t h e  
c y c l o h e x y l b e n z e n e  p r o d u c t  was d e u t e r a t e d  e x t e n s i v e l y  t o  f o r m  d 2 .  
d 3 .  d r .  d s .  a n d  d e  s p e c i e s .  b u t  no dm o r  d ’  s p e c i e s  was p r e s e n t .  
D e u t e r i u m  w a s  a l s o  d i s t r i b u t e d  w i d e l y  t o  t h e  b i p h e n y l  p r o d u c t .  
a n d  a l l  s p e c i e s  f r o m  d e  t o  d s  w e r e  p r e s e n t .  L a r g e  p a r t s  o f  c i s -  
d e c a l i n  was i s o m e r i z e d  t o  t r a n s - f o r m .  h u t  b o t h  f o r m s  s i m i l a r l y  
c o n t a i n e d  a b o u t  3 0 %  o f  d l - d e c a l i n .  O n l y  t r a n s - d e c a l i n  w a s  s h o w n  
i n  F i g u r e  1 .  T h e  H / D  e x c h a n g e  o f  0 2 0  w i t h  t h e  d e c a l i n  s o l v e n t  
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w a s  n o t  a s  e x t e n s i v e  a s  t h a t  w i t h  t h e  p r o d u c t s .  I n  t h e  D z - C O - H z 0  
s y s t e m .  i t  was n o t e d  t h a t  d e u t e r i u m  was i n c o r p o r t e d  o n l y  
m o d e r a t e l y  i n t o  c y c l o h e x y l b e n z e n e  a n d  b i p h e n y l .  b o t h  f o r m i n g  d i .  
d z .  a n d  d3 spec ie s .  O n l y  a b o u t  2 0 %  o f  d ,  s p e c i e s  was p r e s e n t  i n  
e i t h e r  t r a n s -  o r  c i s - d e c a l i n .  I t  is o f  i n t e r e s t  t o  o b s e r v e  t h a t .  
u n d e r  N z  p r e s s u r e ,  H / D  e x c h a n g e  o c c u r e d  e x t e n s i v e l y  b e t w e e n  Dz0 
a n d  d i b e n z o t h i o p h e n e .  E v e n  t h o u g h  t h e  a m o u n t s  o f  c y c l o h e x y l  a n d  
b i p h e n y l  f o r m e d  were s m a l l e r ,  d e u t e r i u m  w a s  i n c o r p o r a t e d  i n t o  
t h e s e  p r o d u c t s  m o r e  e x t e n s i v e l y  t h a n  w a s  o b s e r v e d  i n  t h e  D z - C O -  
H z O  s y s t e m .  A l t h o u g h  n o t  s h o w n  i n  t h e  f i g u r e .  t h e  s p e c t r a  o f  t h e  
u n r e a c t e d  d i b e n z o t h i o p h e n e  o b t a i n e d  f r o m  t h e  e x p e r i m e n t s  c a r r i e d  
o u t  i n  t h e  H z - C O - D z O  a n d  Nz-Dz0 s y s t e m s  i n d i c a t e d  t h a t  t h e y  were 
a l l  D - s u b s t i t u t e d  s p e c i e s  c o n t a i n i n g  d n .  d z .  d 3 .  a n d  d r  s p e c i e s .  
H o w e v e r .  i t  was o b s e r v e d  t h a t  t h e  u n r e a c t e d  d i b e n z o t h i o p h e n e  
o b t a i n e d  i n  t h e  D z - C O - H ~ O  s y s t e m  was  n o t h i n g  b u t  t h e  d t  s p e c i e s .  

T h e  e x t e n s i v e  H / D  e x c h a n g e  o b s e r v e d  b e t w e e n  d i b e n z o t h i o p h e n e  
a n d  D 2 0  u n d e r  N z  p r e s s u r e  i s  c o n s i s t e n t  w i t h  t h e  r e s u l t s  r e p o r t e d  
b y  K a b e  e t  a16 d e a l i n g  w i t h  h y d r o g e n  e x c h a n g e  o f  Hz0 w i t h  c o a l  o r  
p h e n o l i c  m o d e l  c o m p o u n d s .  I n  t h e  c a s e  d e a l i n g  w i t h  h y d r o g e n  
e x c h a n g e  b e t w e e n  s y n g a s - H z O  a n d  d i b e n z o t h i o p h e n e .  t h e  s i t u a t i o n  
i s  n o t  t h e  same.  W a t e r  p a r t i c i p a t e s  i n  t h e  w a t e r - g a s  s h i f t  
r e a c t i o n  a s  e v i d e n c e d  b y  t h e  f o r m a t i o n  o f  C o n .  I t  i s  e x p e c t e d  
t h a t  t h e  Dz0 i n  t h e  s y n g a s - D z 0  s y s t e m  r e a c t s  w i t h  C O  t o  f o r m  
a c t i v e  d e u t e r i u m  w h i c h  l e a d s  t o  t h e  f o r m a t i o n  o f  D z .  a n d  i n  t h e  
p r o c e s s .  s o m e  a c t i v e  d e u t e r i u m  may b e  i n c o r p o r a t e d  i n t o  d i b e n z o -  
t h i o p h e n e  a n d  t h e  s u b s t r a t e s .  

To  o b s e r v e  t h e  e x t e n t  o f  D a t o m s  f r o m  D n 0  t r a n s f e r  b a c k  t o  
f o r m  d i h y d r o g e n  s u c h  a s  H D  a n d  Dz i n  g a s e o u s  p r o d u c t s .  t h e  g a s e s  
were a n a l y z e d  b y  g a s  c h r o m a t o g r a p h  a n d  q u a d r a p o l e  m a s s  s p e c t r o -  
meter .  T h e  a n a l y t i c a l  r e s u l t s  a r e  g i v e n  i n  T a b l e  4 .  I t  is n o t e d  
t h a t  s o m e  d e u t e r i u m  i n  D z 0  is p r e s e n t  i n  H D  a n d  D z  i n  t h e  s y n g a s -  
D z 0  s y s t e m .  w h i l e  n o  d e u t e r i u m  i s  p r e s e n t  i n  t h e  " h y d r o g e n  g a s e s "  
o f  t h e  g a s e o u s  p r o d u c t s  i n  t h e  Nz-Dz0  s y s t e m .  A smal l  a m o u n t  o f  
H z  f o r m e d  i n  t h e  N z - D z 0  s y s t e m  may h a v e  c o m e  f r o m  t h e  d e h y d r o -  
g e n a t i o n  n r  d e c o m p o s i o n  o f  t h e  s o l v e n t  a n d  r e a c t a n t .  I n  c o n t r a s t  
t o  t h e  e x p e r i m e n t  i n  t h e  H z - C O - D z 0  s y s t e m  w h e r e  H D  a n d  D Z  were 
f o r m e d  . t h e  e x p e r i m e n t  i n  t h e  D z - C O - H z O  s y s t e m  y i e l d e d  g a s o u s  
p r o d u c t s  c o n t a i n i n g  H D  a n d  H n  i n  t h e  " h y d r o g e n  g a s e s " .  T h e s e  
r e s u l t s  i n d i c a t e  t h a t .  u n l i k e  D z 0  i n  t h e  N z - D z 0  s y s t e m .  Dn0 i n  
t h e  s y n g a s - D n O  s y s t e m  o r  H z 0  i n  t h e  D z - C O - H z O  s y s t e m  f o r m s  a c t i v e  
d e u t e r i u m  o r  h y d r o g e n .  r e s p e c t i v e l y .  w h i c h  i n  t u r n  i s  i n c o r p o -  
r a t e d  i n t o  t h e  r e a c t a n t  a n d  s u b s t r a t e s  o r  l e a d s  t o  t h e  f o r m a t i o n  
o f  H D  a n d  D z  o r  H D  a n d  H z .  r e s p e c t i v e l y .  I n  t h e  N z - D z O  s y s t e m ,  
m o s t  d e u t e r i u m  i s  p r o b a b l y  i n c o r p o r a t e d  i n t o  t h e  r e a c t a n t  b y  
e x c h a n g e  r e a c t i o n s .  I t  may t h e n  h e  c o n c l u d e d  t h a t  b o t h  g a s - p h a s e  
h y d r o g e n  a n d  h y d r o g e n  f o r m e d  v i a  t h e  w a t e r - g a s  s h i f t  r e a c t i o n  i n  
t h e  s y n g a s - H n 0  s y s t e m  c o n t r i b u t e  t o  h y d r o d e s u l f u r i z a t i o n .  a n d  t h e  
a c c o m p a n y i n g  w a t e r - g a s  s h i f t  r e a c t i o n  i s  b e n e f i t i a l  i n  r e d u c i n g  
H z  c o n s u m p t i o n .  
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Table 1. Hydrodesulfurization of Dibenzothiophene 
(Catalyst:Nibb/AIz03. Initial F’ress:70 W d .  Tenp:400 “c. Time:45 min) 

Gassystem 
Solvent 

Dibenzothiophene cnnv., % 94.2 
Bicrclohexyl formed. % 7.4 
CYclohexvlbenzene formed. % 24.8 
Biphwl formed. % 33.6 
Decalin remained. % 84.2 
t d c i s  ratio 4.8 

Tetralin formed. % 2.9 
Naphthalene formed. % 0.2 
I-Methylnaphthalene remained. 9: - 
CO conv.. % 
Hz c o w . .  wt% of dibenzothiophene 5.2 

I 

I 

94.1 
3.8 
32.6 
39.5 
16.9’ 
4.0 
67.ZD 
7.0 

6.0 

H -CO-LO 1:1:0.3 
&lin Tetra& Decalin t Decal: Tetral(in d l i n  t 

I-methyl- 
naphthalene 

94.8 
3.8 
30.8 
43.8 
83.8 
4.5 
5.0 
1.6 
22.9 

7.3 

74.8 77.1 
0.3 1.2 
21.2 21.1 
42.0 44.0 
91.2 4.3” 
4.0 3.7 
3.8 75.3b 
1.1 18.4 

32.5 40.3 
2.0 2.0 

I-methyl- 
naphthalene 

80.4 
1.0 
16.6 
54.5 
89.4 
4. I 
4.8 
2.0 
51.5 
39.8 
3.4 

‘Decalin formed 
bTetralin remained 

Table 2. Hydrodesulfurization Using Smw at Various L/COhO Hole Ratios 
(Catalyst:Nibb/A1203. Solvent : Decalin. Temp:400 T. Time:45 min) 

SmpaS-LO L-CO-LO 
(1: l:O. 3) 

Initial symm wgs.. Wa8 
Dibenzothiophene mv.. % 
Bicyclohexyl fonoed. % 
Cyclohwlbenzene formed. % 
Biphwl formed. % 
Decalin mined. % 
trans/cis ratio 

Tetralin formed. % 
Naphthalene formed. % 
CO conv.. % 
HZ onmuup.. wt% of dibenzothiophme 
Hz/CO ratio after the reaction 

70 
74.8 
0:3 
21.2 
42.0 
91.2 
4.0 
3.8 
1.1 

32.5 
2.0 
1.5 

Hz-0-LO 
(1 : 1:O. 6) 

63 
72.0 
1.5 
20.6 
41.5 
92.2 
4.0 
4.1 
1.1 
34.7 
0.9 
1.6 

L-CO-LO 
(1:l:l) 

55 
63.7 
0.6 
14.6 
44.5 
92.2 
3.8 
4.6 
1.9 
26.6 
0.1 
1.4 

L-0-LO 
(2: 1:O. 6) 

70 
78.7 
2.5 
24.1 
36.7 
91.4 
4.3 
3.0 
0.4 
25.8 
1.6 
2.7 

L-CD-LO 
(3:l :O. 6) 

70 
81.0 
2.8 
26.1 
36.8 
92.8 
4.3 
3.2 
0.5 
35.3 
2.7 
5.2 

Table 3. Hydrodesulfurization Using Syngas-DzO or Devterim Containing Gasg 
(Catalyst:Nibb/A1203. So1vent:Decalin. Twp:400 “c. Tire45 mid 

Gassvstep 

Initial pres.. W d  
Dibenmthiophene conv.. % 
Bicyclohexyl formed. % 
Cyclohexylbazene formed. I 
B i k l  formed. % 
Decalin mined. % 
trans/cis ratio 

Tetralin formed. % 
Naphthalene formed. % 
CO cnnv.. % 

L-CO-D20 
( 1 : I : l )  
40 
74.5 
0.6 
14.1 
43.9 
84.0 
3.8 
5.5 
2.5 
30.1 

Dz-CO-LD Nz-DZO 
(1: 1: 1) @:I) 
40 40 
69.5 35.0 
0.3 trace 
11.4 0.2 
45.4 27.2 
87.0 82.6 
4.0 2.2 
5.3 3.7 
2.9 7.1 
23.3 
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Table 4.  G . C .  and M.S. Analysis of Gnseous Prarlucts 

Gas system 112 -co-ao 02 -M-1120 N 2 - b f l  

- 

Gaseous p r a h r C t . 9 ,  mol % 
a, 40. I 3s. 2 

15. n 12.7 
94 .9  

a)2 
N2 

L l  41.3 482 _ _  3.6  

a The reminders are Ob. Clle. and IhS. 

II,-CO-D?O system 

8o  t 
40 6 o k  c\ 

100 

GO "I \ 
0 I.(_. 

D,-CO-il20 system 

4 0 t  \ 
de dl d 7  d? d r  d s  r k  

D i s t r i b u t i a n  a f  deuter i lrm i n  solvmt a n d  prnclucts  F i g u r e  1 
0 t - D e c a l i n  A B i p h e n y l  0 C r c l n h e x y l b e n z e n e  
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HDS ACTIVITY AND SURFACE PROPERTY 
OF ALUMINA-SUPPORTED RUTHENIUM CATALYST 

Masatoshi Nagai and Kenji Koizumi 
Department of Chemical Engineering, 

Koganei, Tokyo 184, Japan 
Tokyo University of Agriculture and Technology, 

I' 

Keywords: HDS, Ru/A1203, NH3-TPD 

INTRODUCTION 

Ruthenium and its compounds have wide ranging application in both 
heterogeneous and homogeneous catalysis. Recent environmental and 
economic problems offer a challenge for developing new catalysts capable 
Of deep hydrodesulfurization (HDS) and hydrogenation of aromatics in the 
presence of sulfur and nitrogen compounds. Unsupported ruthenium 
sulfides were reported to show a high activity for HDS and hydrogenation 
(1,2). The catalytic activity for HDS reaction is likely to depend upon 
greatly the preparation and pretreatment of the ruthenium catalysts, 
such as surface composition, surface acidity, and electronic property of 
ruthenium. (3,4). The objective of this study was to report the effects 
of catalyst pretreatment on the catalytic activity of an alumina- 
supported ruthenium catalyst for thiophene HDS. 

EXPERIMENTAL 

0.49% Ru/A1 O3 (JRC-A4-0,5Ru2) was prepared by impregnation of alumina 
powder witi aqueous solution of ruthenium trichloride. 0.2 g of 
catalyst was charged to the reactor for a typical series of experiments. 
The Ru/A1203 catalyst wa5 pretreated with three ways prior to catalyst 
characterization and activity measurement; reduced in H2 for 4 h (Ru-R 
catalyst), oxidized in air at 400 OC for 3 h, following reduction in H 
for 4 h (Ru-OR catalyst), or sulfided in a 10 % H2S/H stream (Ru-z 
catalyst). The HDS activity measurement for thiophene &S uzs carried 
out in a continuous-flow microreactor. 

The surface property of the catalyst was measured by NH3-TPD, H 
adsorption, XPS, and in-situ DRIFT FT-IR spectroscopy. For the NH -TP6 
experiment, the catalyst was heated to 500 OC at a rate of 10 Oi?/min 
under He flow. It was maintained under these conditions for 1 h and 
then slowly cooled to room temperature. The He flow was switched to a 
5.1% NH /He flow to adsorb NH3 to the catalyst. The catalyst was heated 
at a rase of 10 OC/min to 500 OC (or 600 OC) under He flow. The outlet 
gas was analyzed by either a gas chromatograph or a quadrupole mass 
spectrometer with a valunarable-leak valve. Hydrogen adsorption was 
analyzed by a thermal conductive detector of a gas chromatograph after 
the pretreatment. uptake was measured using pulses of 10 % H2/He 
to the reactor at TrhoeotZemperature. The surface composition of the 
catalyst was measured by X-ray photoelectron spectroscopy. 

RESULTS AND DISCUSSION 

The physical properties and HDS activity of the catalyst are shown in 
Table 1. The Ru-S300 catalyst was the most active of the all catalysts 
for thiophene HDS, but the Ru-S400 catalyst had lowest activity. The 
Ru-OR300 catalyst was more active than the Ru-R200 and Ru-R400 
catalysts. 

Three kinds of peaks (low-, middle-, and high-temperature) were observed 
in NH3-TPD profile. The Ru-S300 and Ru-OR300 catalysts have a 
predominant high-temperature peak with a small low-temperature peak. 
However, the Ru-S400, Ru-RZOO and Ru-R400 catalysts have no high- 
temperature peaks, but middle-temperature peaks together with a small 
low-temperature peak. Alumina support has only middle-temperature peaks 
in the NH3-TPD profile. MaSS spectroscopy and XPS analyses showed that 
the low-, middle- and high-temperature peaks were assigned to Ru02 
(280.7-281.1 ev), acid sites on alumina, and RU metal (280.2 eV), 
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respectively (5.6). The spectra at 280.2 eV was not observed for the 
fresh catalyst but for the reduced and sulfided catalysts. 

The HDS activity was not concerned with low-temperature peak of 
NH TPD, but high-temperature peak. The high-temperature peak Of NH3- 
TPa-was related to H adsorption and the intensity of XPS Ru3d Spectra 
at 280.3 eV (Ru metal?. 

The particle size was determined by H2 chemisorption at room 
temperature. The Ru-R300 catalyst had smaller particles than the Ru-R400 
catalyst. The selectivity of the Ru/A1203 catalyst for hydrogenation of 
butenes to butane in thiophene HDS was calculated. The ratio of 
butanefbutenes indicated the hydrogenation activity. The ratio for the 
Ru-R400 catalyst was higher than that for the Ru-R300 catalyst. The 
ratio of butanefbutenes in the products was increased with increasing 
particle size for the catalyst. The selectivity of the Ru-R400 catalyst 
was more than the Ru-R300 catalyst for the hydrogenation of butenes to 
butane. Since the particle size of the Ru-R400 catalyst was larger than 
that of the Ru-R300, the large Ru particle of the catalyst appeared to 
facilitate the hydrogenation of butenes to butane. The particle size was 
concerned with the selectivity of butane/butanes (hydrogenation) in the 
reaction. 
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Table 1. Surface property and HIX activity of h/u2O3 Catalyst 

Catalyst adso M H~ size LTP 3 - ~  
Pretreatment lhp. Conversion Amount of Ru particle NH TPD4) 

wl) Rd2) su13) [ % I  [io-Zmi/gi [mi LOCI 

Ru-OR300 400 300 - 37.5 6.8 2.6 167s 327m 427s 
Rum400 400 400 - 14.6 2.2 7.6 192s 321m 
Ru-R300 - 300 - 51.5 1.2 4.5 20Ow 30Om 
Ru-R400 - 400 - 8.8 1 .o 22.9 20Ow 30Om 
Ru-S300 - 300 13.9 8.9 2.0 178s 364111 418s 
Ru-S400 - 400 4.9 0.8 26.6 186w 33hr - 

~~ 

l)Oxidation, 2)ReductiOn, 3)Sulfidation, 4)LTP, Mpp, HTP, a d  w, m and s represent 
low-, middle-, and high-temperature peak, and weak, middle and strong intensity, 
respectively. 
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', EVIDENCE POR THE TRIBOCHEMICAL GENERATION OP HYDROGEN PROM BIGEER 
RIWX COAL8 

Karl S. Vorres 
Chemistry Division, Bldg. 211 
Argonne National Laboratory 
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ABBTRACT: 

Analysis of gases in sealed ampoules of higher rank Argonne 
Premium Coal Samples over a period of years has revealed the 
Presence of significant (up to about 18%) constant amounts of 
hydrogen and increasing amounts of carbon dioxide. Comparison 
with the gas contents of sealed 55 gallon drums which have not 
been pulverized indicates that these gases came from activity fol- 
lowing the collection of the samples. Several hypotheses are 
examined. The evidence indicates a possible tribochemical reac- 
tion involving fresh surface generated during pulverizing in the 
nitrogen atmosphere. It is probable that water reacts with the 
coal surface to release hydrogen. The oxygen from the water ap- 
pears to bound to active sites, and later diffusion leads to for- 
mation and release of carbon dioxide. 

INTRODVCTIONI 

The Argonne Premium Coal Sample Program (1) has produced a set of 
coal samples which have been sealed in glass for periods of up to 
9 years. As part of a study of the stability of these samples, 
analyses of the gas in the ampules have been made at varying in- 
tervals. The original objective of studying the oxygen concentra- 
tion was readily met, and the analytical data provided additional 
insights into interesting changes during the storage period and 
also in the processing of the coal itself. 

It has been observed (2) that a number of gases have accumulated. 
Not surprisingly, the lower rank coals release carbon dioxide and 
the higher rank coals evolve methane. It has also been observed 
that substantial amounts of hydrogen have been found in the 
samples of some of the higher rank coals. In addition increasing 
amounts of carbon dioxide were observed in some of the higher 
rank coals. 

A number of hypotheses were formulated and tested to account for 
these observations. This paper describes the hypotheses and ef- 
forts to understand these observations. 

EXPERIMENTAL 

The collection of the Premium Coal Samples was done with very 
fresh samples which were transferred to 55 gallon stainless steel 
dfums. These drums were taken to the surface of the underground 
mines, and purged with argon gas within .5-5 hours of the collec- 
tion. Purging continued to give about 100 ppm or less of oxygen 
in the drums, with an overpressure of a few psi. After 1-2 days 
of travel to the Argonne Nat'onal Laboratory, the drums were 

pulverizer, mixer-blender and packaging equipment. This glove 
box was filled with nitrogen and kept at or below 100 ppm oxygen 
during the processing. 

For a typical processing, the coal was initially crushed to pass 
between bars spaced at . 5" ,  pulverized to -20 mesh, and blended 
in a one ton batch. Half a ton of -20 mesh coal was packed in 5 
gallon leverlock pails, moved through air locks and repulverized 
to -100 mesh. About 80% of the coal was placed in 5 gallon glass 
carboys, while the balance was sealed in ampules containing 
either 5 grams of -100 mesh or 10 grams of -20 mesh material. 
The sealing was done with a torch using stoichiometric hydrogen 
and oxygen, controlled with a mass flow controller. 

At all processing times, the gas contents in the glove box were 
monitored by an oxygen analyzer, hydrogen analyzer and total 
hydrocarbon analyzer (Beckman model 108A). Sample lines led from 
central points in the box, air locks, and other critical loca- 
tions in the system to the analyzing system. 

processed in a large (2000 ft 3 ) glove box containing a crusher, 
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The oxygen concentration in the box was controlled during the 
operation by circulating the atmosphere through ductwork connect- 
ing the boxes to a catalytic reactor containing palladium-on- 
alumina catalyst. The reactor was connected to a supply of 
hydrogen which permitted the impurity oxygen to combine to 
produce steam. Upstream from the catalytic reactor were a high 
efficiency particulate filter with pressure differential measur- 
ing equipment and a cyclone separator for larger particulate 
material. 

In operation the hydrogen concentration in the box was to be kept 
below 1.0%. The gauge had a single range with a maximum reading 
of 5%. 

A typical sample consisted of one ton of coal held in six drums. 
A seventh drum was collected and retained for archival purposes. 
The gas pressure in the drums increased substantially for some 
samples and periodically required release of some gas for safety. 

RBBULTB AND DIBCU88ION 

Gas analyses were run by the Analytical Chemistry Laboratory at 
ANL and reported in volume percent. A set of ampules was 
provided which were opened in an evacuable chamber in a CEC mass 
spectrometer, and more recently in a VG 3001 mass spectrometer. 

The data were reported for the species which were observed by the 
analyst. These species were: nitrogen, argon, water vapor, 
methane, carbon dioxide, ethane and higher hydrocarbons and 
hydrogen. The use of the VG spectrometer permitted resolution of 
the nitrogen and carbon monoxide in more recent measurements. 
Recently ammonia was also observed and other samples were checked 
for this gas. 

In general the concentrations of a gas are higher in the -20 mesh 
ampules than the -100 mesh containers. The gas volume per gram 
of coal is comparable for most samples. The exception to this 
generalization is hydrogen. For hydrogen, the concentrations are 
higher in the -100 mesh ampules. This observation is consistent 
with a process-related origin for the majority of this gas. 

The results obtained for the carbon dioxide analyses (six highest 
concentrations) are indicated in Figure 1. 

The results for the hydrogen analyses are shown in Figure 2. 

The operating records for the processing were checked for ap- 
pearance of hydrogen in the process gas analysis system. In all 
cases with substantial release of hydrogen, the monitor indicated 
a rapid increase at the time the pulverizing started. The 
hydrogen supply to the catalytic reactor was checked, found to be 
normal, and shut off to prevent additional hydrogen entering the 
system from the gas cylinder. 

Several hypotheses to explain the rapid appearance of the 
hydrogen and the slower appearance of the carbon dioxide were 
developed. Discussions with a number of individuals led to more. 
A summary of them follows, together with comments in support and 
against them. 

Hypothesis 1: "The hydrogen and carbon dioxide were in the 
higher rank coal. The hydrogen was released more quickly because 
of its lower molecular weight." 

Comments on hypothesis 1: The gases in the archival drums were 
sampled and analyzed. Hydrogen was below the limits of detection 
( .015%) while the hydrogen from the initial analysis of a -100 
mesh Pocahontas ampule was 17.6%. Further, the carbon dioxide 
content of the gas in the drum of Pocahontas coal was 0 . 8 2 % ,  
while the methane was 52.9 and the ratio of the two was 0.016. 
The recent measurement of carbon dioxide in the -20 mesh sample 
gave 4.7% and the methane was 6.5% for a ratio of 0.72. Evi- 
dently much more carbon dioxide is evolved in the ampule than the 
drum. 
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Hypothesis 2: "The gases were produced by microbial action." 

Comments on Hypothesis 2: Different workers have cultured 
samples. Some find no growth, while others find growth but only 
on low rank samples. 

Hypothesis 3: '*Coal dust found it way to the palladium catalyst, 
and lost hydrogen there." 

Comments on hypothesis 3 :  The volume of the box is 2000 ft3. 
The hydrogen content from the Pocahontas sample was up to 14.7%. 
That represents almost one pound mole or about 2 pounds of 
hydrogen. Since the coal is about 4% hydrogen, the observed con- 
centration would require the equivalent of about 40 pounds of 
Coal accumulating on the catalyst bed and losing all of the 
hydrogen. Such a substantial deposition would require a major 
break in the filter and would have been observed in a notable 
drop in the pressure differential across the filter. That drop 
was not observed. 

Hypothesis 4: "The methane gas coked on the palladium catalyst, 
releasing hydrogen". That may have been possible, however the 
catalyst activity did not decrease as might have been expected. 
The carbon dioxide generation is not explained by this 
hypothesis. 

Hypothesis 5: "Low temperature oxidation produced the hydrogen 
as a byproduct." 

Comments on hypothesis 5: Low temperature oxidation has been 
shown to produce hydrogen as a byproduct gas (5,6). The reported 
hydrogen gas concentrations range up to 1121 ppm for reaction 
with oxygen over 65 hours. The experiments showed about 11 ppm 
per 1% of oxygen consumed at 95OC. The hydrogen concentrations 
observed in the ampules from the processing facility ranged up to 
17.6% (176,000 ppm) or two orders of magnitude greater than the 
maximum observed for the low temperature oxidation studies. The 
hydrogen production in the facility is a moderately rapid reac- 
tion during and after pulverizing. The oxygen consumption 
reported is much greater than the hydrogen production. In the 
processing facility the oxygen available was less than 100 ppm, 
while the hydrogen production was four orders of magnitude 
greater. The relative humidity in the processing facility was 
indicated to vary from 42 to 91%. A significant amount of mois- 
ture was available for reaction. 

Hypothesis 6: 'Tribochemical reactions are responsible for both 
of the gases. 

Comments on hypothesis 6: Tribochemistry deals with the chemical 
reactions that are due to adding mechanical energy to a system 
(3). Pulverizing is an example. The surface of a solid is dis- 
turbed to a depth of about 10 atom layers in many solids during 
pulverizing. The disrupted zone is called the Beilby layer. The 
imperfections caused by grinding permit gases to readily diffuse 
through the damaged surface into the Beilby layer. During pul- 
verizing fractures cleave bedding planes for the coal, but also 
break through the large macromolecular structure, rupturing 
carbon-carbon and other bonds. Radicals are created in this 
process. Water molecules are present from water contained in the 
coal and in the gas atmosphere. Through a succession of reac- 
tions, the water molecules could react with active sites on the 
fresh surface, and hydrogen could be removed while oxygen 
remained bound to the surface. The hydrogen could escape 
quickly, giving the rapid observed increase in hydrogen concentra- 
tion. The slower increase of carbon dioxide could be attributed 
to a slow diffusion of oxygen around the surface until two oxygen 
atoms joined a removable carbon to form carbon dioxide. 

CONCLUBIONB 

The observation of an increasing hydrogen evolution with some 
higher rank coals during the processing of the large chunks into 
pulverized material has been made. Carbon dioxide has also been 
observed, but in smaller amounts. A number of hypotheses have 
been examined to explain this behavior. The most plausible at 
this time seems to be the tribochemical generation of hydrogen 
due to the creation of chemically active sites as a result of the 
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pulverizing. Reaction of moisture with the coal results in rela- 
tively rapid release of hydrogen and bonding of oxygen to the sur- 
face. A slow diffusion of oxygen around the surface coupled with 
release of gaseous carbon dioxide then follows. Additional work 
with isotope ratios for the carbon, hydrogen and oxygen species 
should help confirm the nature of the reactions and is planned. 
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INTRODUCTION 
As an alternative processing of coal conversion, biosolubilization has been intensively 

studied[l-4]. Most of the studies in  1980s involve the oxidative solubilization of preoxidized 
coal or lignite to render the coal water soluble. The products contain primarily polycarboxylic 
compounds and are suggested to be of lower quality than the materials derived from conventional 
thermochemical conversion[5]. Thus there has been arguments about the biological processes 
for the production of alternate fuels or chemicals from coal[6]. Current reductive solubilization 
of coal under anaerobic conditions could provide more desirable products[7,8]. On the other 
hand, these biological processes imply a potential route to liquefy coal catalytically under 
considerably mild conditions. The elucidation of mechanisms involved in the biosolubilization 
and the application of the catalyst systems in analogous to enzymes or microorganisms may offer 
an attractive processing for coal conversion. 

During the past decade. numerous studies on oxidation reaction catalyzed by synthetic 
metalloporphyrin have been reported[9]. These catalysts have been synthesized as the models 
for cytochrome p450 and peroxidase, and some of them exhibit extremely high turn over number 
in the oxidations of alkenes and alkanes[ 10.1 11. To date the mechanisms of oxidation reactions 
catalyzed by synthetic metalloporphyrins are fairly well understood and the utilization of tk 
catalyst for the oxidations of various stable compounds is of great interest. Preliminary attempt 
using a simple iron porphyrin complex for coal conversion, however, did not show a significant 
effect on the solubilization. In addition, the contamination of catalyst and residual oxidant 
affected the evaluation of the products. Therefore as the first step, we developed a new 
supported biomimetic catalyst capable of using hydrogen peroxide as an oxidant. In this paper 
we describe the solubilization of coal by the oxygenase model, immobilized iron porphyrin 
catalyst. 

EXPERIMENTAL 
Preparation of catalyst 

A biomimetic model for monooxygenase enzyme was synthesized on a silica surface as 
the following 5 steps (Fig. 1). based on the detailed design considering the structures of bulky 
porphyrin and the silicasurface[l2]. 1) Amorphous silica powder, Aerosil 200, was dispersed 
in toluene to which 3-mercaptopropyltrimethoxysilane was added. Refluxing overnight and 
removal of solvent under vacuum yielded the suppon-anchored silica (a). 2) A was dispersed in 
pyridine, to which phthalocyaninatoiron (11) was added. The mixture was stirred overnight and 
the solid collected by filtration. Drying under vacuum gave phthalocyaninatoiron-loaded silica 
(b). 3) B was dispersed in CH~CIZ,  to which excess dodexyltriethoxysilane was added. After 
removing solvent, the container was evacuated, sealed and heated for 24 h at 150-16OC. It was 
cooled, opened and washed with CHzCl2 and acetone resulting hydrophobic silica (e). 4) C 
was subjected to Soxhlet exmction with pyridine for 72 hand yielded iron-free silica (d). 5) D 
was dispersed in benzene, to which iron tetraphenylporphyrin acetate was added under argon. 
After refluxing 48 h with stimng, the solid was collected by filtration and washed with CHzClz 
until the filtrate turn to colorless. The dark green solid obtained (E) had a loading of iron 
tetraphenylporphyrin complex of 1.34 x l o2  mmolg-I. 
Solubilization of brown coal 

A brown coal (Australian Yalloum coal), ground to 4 4 9  pm, dried and stored in a glass 
ampoule, was used. 

The catalyst (1.0-1.5 pnol) and the coal (300 mg) were dispersed in 10 ml of deionized 
water or acetate buffer (pH 5.0) to which imidazole ( I  mmol) and Ht02 (2 mmol) were added. 
The container was sealed with a septum and shaken at 150 strokehin at 409: using a Bio-shaker 
for 24 h. For anaerobic assays, manipulations were done in a glove box. 
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After reaction, the mixture was filtrated and extracted with tetrahydrofuradHz0 (v/v&I) 
until the filtrate turn to colorless. The filtrate and extract were combined, evaporated and dried at 
110'13 under vacuum. 

RESULTS AND DISCUSSION 
Catalytic activity of oxygenae model 

As mentioned above, from the point of product quality, it is most desirable to mimic 
enzymes functioning reductive reactions under anaerobic conditions. But the studies on such 
enzymes involving electron transfer Seem to be at an early stage. For that reason we attempted 
the Synthesis of the model for cytochrome P450 monooxygenase. 

The active sites, iron tetraphenylporphyrin units, were immobilized by coordinative 
ligation to anchored mercaptopropyl groups in hydrophobic cavities formed by alkyl chains 
attached to silica surface. This is the characteristic structure distinguished from other efficient 
iron porphyrin catalysts (Table I). When the oxidation reaction is performed in aqueous 
solution, lipophilic substrates are assumed to condense on the catalyst surface by hydrophobic 
interactions. Further it inhibits contact between the active center and Hz02. As the result, the 
calalytic reaction takes place even with a small amount of substrate without the decomposition of 
fragde porphyrin structure by Hz02 attack. 

The catalytic activity of the synthetic catalyst was clarified by the epoxidation of alkenes. 
In the presence of externally added imidazole, the substrates were efficiently epoxidized (Table 
2). Although the iron center have an axial sulfur Ligand in the same manner as native enzyme, the 
promotion of heterolytic cleavage of Hz02 by general catalyst seems to be required. Thus the 
following coal solubilization reactions were carried out in the presence of imidazole. 
Solubilization of brown coal 

It has been reported that coal reacts rapidly with Hz02 in the study on the coal 
solubilizing activity of horseradish peroxidase[l3]. Hz02 is known to decompose at a higher 
pH, but a lower pH may favor hydrolysis reaction of coal. Further the aqueous buffers 
contaminate the residue in the concentrated solubles. Hence controls were always run and 
deionized water was mainly used in the coal solubilization experiments. As shown in Table 3, a 
considerable amount of soluble fraction was obtained after the treatment with Hz02 or 
Hz02/imidazole in the absence of the catalyst. The yields seem to be strongly affected by the 
presence of oxygen and imidazole. 

The results indicate clearly the effect of catalyst addition in every series of experiments 
The presence of 1 p o l  catalyst increased in conversion by 10-15% under aerobic conditions. 
Anaerobic assay required a slightly larger amount of catalyst to obtain the similar conversion. 
No appreciable effect on the solubilization was found in the absence of imidazole. 

Elemental analyses showed high nitrogen contenw in the products derived from 
imidazole-added runs. There was a difficulty in removing it completely even by prolonged 
vacuum drying at IlOqC. Therefore the correction of elemental compositions was made for the 
evaluation of oxygen incorporation. The amount of imidazole in the product was calculated from 
the excess of nitrogen, assuming that the nitrogen content equals that in imidazole-free control. 
The results showed the remains corresponding to about a half of initially added imidazole. 
Recalculated elemental compositions from the data were shown in Table 4. The catalytic 
treatment caused a decrease in carbon content and an increase in oxygen content. The change is 
not so drastic as seen in the oxidative microbial conversion. As the result, the solubilization 
reaction does not involve the introduction of a high concentration of carboxylic acid. The 
assumption is also supported by FT-IR analysis which reveals the decrease in the relative 
intensity of carbonyl band to aromatic band by the catalyst addition compared with that from 
control. Further no aromatic acid derivative is detected in the catalytic oxidations of various 
model compounds. 

At present further detailed studies are in progress to explore the function of biomimetic 
model in connection with the solubilization reaction of coal, including the capability of catalytic 
carbon-carbon bond scission. 

CONCLUSION 
A biomimetic model for monooxygenase enzyme was synthesized and utilized for the 

solubilization of brown coal. In the presence of imidazole as a general catalyst and Hz02 as an 
oxidant, it was suggested that the model catalyzed the solubilization reaction of coal. This is 
partly due to the characteristic nature of the model in addition to the catalytic activity. 
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Fig. 1 Synthetic pathway of oxygenase model 

M e  1. Structure and reaction system of oxygenase model and efficient iron porphyrin catalyst 

activecenter reactionsite axialligand oxidant medium reference 

! 

oxygenase model 

FeTPF'OAca) hydrophobic alkyl thiol 

efficient iron porphyrin catalyst 

FeTDCPPClb) - imidazole Hz02 CH2Ck/CHCN 9 

- - C6H510 CH2C12/MeOH 10 FeTDCPPCl 

FeTPFPPW) - - Hz02 CHK!lz/MeOH 11 

H20 thiswork highly immobilized Hz02 

C6F510 

a) Iron tetraphenylpozphyrin acetate. b) Iron tetrakis(2,6-dichlorophenyl)porphyrin chloride. 
c) Iron tetrakis@entafluorophenyl)porphyrin chloride. 

Table 2. Oxidation of alkene with immobilized iron porphyrin and hydrogen peroxidea) 

productb) 
run atmosphere subsmte oxide aldehyde 

~~ 

1 aerobic frm-0-methylstyrene 125 154 

2 anaerobic frm-0-methylstyre.ne 98 45 

3 aerobic cis -stilbene 30 7 

4 anaerObiC cis -stilbene 31 5 

5 aerobic cis-cyclooctene 49 

6 anaerObiC cis-cyclooctene 42 

a) Alkene / H20r I imidazole / catalyst = 0.4 mmol I0.4 mmol I0.2 m o l  / 4mmol in 2ml H20 
at40°C for 17h. b) Yield based on equivalents of catalyst used. 
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Table 3. Solubilization of Yalloum coal with immobilized iron porphyrin and hydrogen peroxidea) 

run catalyst imidazole H 2 4  conversion 

Cmol) (mmol) (mmol) (%) 

1-1 0 0 2 51 

1-2 0 1 2 23 

1-3 1 .o 1 2 66 

2b)- 1 0 0 2 26 

2-2 0 1 2 41 

2-3 1 .o 1 2 44 

2-4 1.5 1 2 53 

3c)- 1 0 0 2 44 

3-2 0 1 2 46 

3-3 1 .o I 2 56 

a) Yalloum coal (3oOmg) was mated in deionized water (1Oml) at 4093 for 24 h. b) Under argon. 
c) In 200 mMacetate buffer atpH 5.0. 

Table 4. Elemental analysis of solubilizeation producta) 

elemental analysis 

(%) 

N n  C H N O+S WC OK: 

original coal 64.2 4.9 0.7 30.2 0.91 0.35 

I - lb)  59.7 4.9 1.1 34.4 0.97 0.43 

1-2 59.4 4.6 1.1 35.0 0.93 0.44 

1-3 60.0 4.5 1.1 34.4 0.90 0.43 

2- 1 59.9 5.0 1.2 34.0 1 .oo 0.43 

2-2 60.0 4.7 1.2 34.2 0.93 0.43 

2-3 60.2 4.6 1.2 34.2 0.91 0.43 

2-4 60.3 4.6 1.2 34.0 0.92 0.42 
a) Corrected data (Refer to text). b) Run number is the same in Table 2. 
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1 UTRODUCTI 011 
Among the alternatives of petroleum oil, coal is considered to 

be one of the most practical energy resouces in the next generation, 
because of its unlocalized abundance. under such circumstances, the 
Consumption of the fossile fuel such as petroleum oil or coal-derived 
liquid fuels could be drastically increased in the next decade, and it 
Will take place fatal environmental ploblems like an acid rain and a 
grobal warming. Particulary, the increase of the emission of sulfur 
Oxides due to a combastion of those fuels is secirously concerned in 
the developing countries. Although it has long been anticipated the 
development of efficient desulfurization technologies for fossile 
fuels, except the flue-gas desulfurization processes, most of the 
research projects seem to be in trouble. In particular, the 
desulfurization of diesel fuels such as light or heavy oils is going 
to be critically important to sustaine our modernized life. 

we had initiated research projects for developing efficient 
chemical desulfurization processes of coal, and revealed that the 
oxidation reaction significantly enhanced the chemical reactivity of 
the organic sulfur fuctionalities in coal, and it made them easy to 
remove from a solid coal. For instance, the alkaline fusion under 
oxygen gas. "Oxy-Alkalinolysis", achieved the sulfur removal upto 95- 
98% for most of the coals(1). To use such drastic change of the 
chemical and phisical properties of organic sulfur compounds by 
oxidation is our strategy for developing an efficient desulfurization 
process. for liquid fuels. 

This paper present the results of the study on the 
desulfurization process using oxidation reactions for liquid fuels. 

PROPOSED PRINCIPLE OF OXY-DBBULFIRIZATION FOR LIQUID FUELS 
In general, there are many types of organic sulfur compounds in 

the fossile fuels. In particular, arylic sulfide-type sulfur and 
thiophene-type sulfur such as , benzothiophene or dibenzothipophene 
are believed to be major components(2) These types of organic sulfur 
atom are known to be chemically so stable that the carbon-sulfur bond- 
fission does not occur easily. Traditionaly, the catalytic 
hydrogenetaion reaction has been used for such bond cleavage, which 
has several advantages for industrial purposes, but also some 
disadvantages. Particularly, the use of hydrogen gas and catalyst 
forced to take more and more drastic reaction conditions(higher 
pressure and higher temperature) in order to get the higher degree of 
the sulfur removal. In Japan, it is assumed that the cost of the 
capital investment to decrease the sulfur content in a commercial 
light upto 0.05%-level will be over five hundred billion yen(3). The 
recent research9 revealed that one of the reason of the difficulty of 
sulfur removal from a light oil will be the steric hindrance due to 
the alkyl functions surrounding the sulfur atom in the sulfur 
compounds. This means that the developement of highly active 
catalysts may be vital to achieve the long term target , but there 
seems to be a fatal limitation. 

In the meantime, the principle of the proposed oxydative 
desulfurization process is as follows: It may be very fortunate for 
us that the most of the organic sulfur atoms in the fossile fuel are 
thought to be divalent, like a sulfide or thiophene. In general, 
oxidized sulfur compounds such as sulfoxide or sulfone have 
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significantly defferent chemical and physical properties, particularly 
boiling point and solubility towards various SOlVBntS based on a 
molecular polarity, compared to the corresponding divalent compounds. 

Now, an simple idea comes in our mind, that is, a large degree 
of differences of the boiling point and polarlity before and after 
oxidation should make easy to separate them from other hydrocarbon 
components through ordinarly purification procedures like a 
distillation, an solvent extraction orland a chromatographic 
adsorption. 

It can be also enphasized that this process could provide the 
organic sulfur components in the fuels as a potential low materials to 
the industrial uses. Namely, our understanding is that the Sulfur 
components in fossile fuels is not a waste. It is a valuable natural 
resourse. 

EXPBRIMEWTAL 
Solvents and Reagents: Gold rabel grade reagents w r e  used without 
further purification. 
Sulfur Analyses: nigh sensitivity sulfur analyzer( Model TS-03, 
nitsubishi Kasei Co.) is used for the determination of sul fur  content 
in the liquid fuels. 
Oxidation of Liquid Fuels: A typical run as follows. In the three 
necked flask(300ml) equiped by a mechanical stirrer and reflux 
condencer, l O O m l  of liquid fuel lwas plased, and a mixture of formic 
acid(l0ml) and aqueous hydrogen peroxide (30%, 1Oml) was added with 
vigorous stiring keepin temperature below 60oC for 2 hours. After the 
reaction the reaction mixture was cooled down at ice-water 
temperature, and separated the oil layer, and washed by distilled 
water. 
Solvent Extarction: Extraction of sulfur components was carried out 
by using same munt s of liquid fuel and extarction solvent (1/1 
VOl/Col). 
Adsorption: Adsorption of sulfur component in liquid fuel was carried 
out by using a column chromatography paked by absorbent(si1ica gel or 
alumina) 
The sulfur content was determined to the combined liquid passed 
through the column. 

RESULTS AlSD DISCUSSIOU 
Obviously, the key step of this desulfurization process is the 

oxidation reaction, which has to selectively oxidize the sulfur atom 
in the contamination. we have examined many type of oxidants, and 
found that the peroxyacid, like a performic acid or a pertrifluoro 
acetic acid, was one of the positive candidate for that. These 
oxidants are known to oxidize not only sulfur compounds but also 
olefinic hydrocarbons affording the corresponding epoxy compounds. 
EoWeVeK, wa do not think that this type of the side reaction causes 
critical damages to the total fuel efficiency. 

The reaction mechanism of the oxidation of organic sulfur 
compound, i.e., dibenzotiophene, by performic acid(a mixture of formic 
acid and hydrogen peroxide) is illustrated as shown in Figure 1. 
Namely, formic acid reacts with hydrogen peroxide and gives performic 
acid and water. Then, the performic acid reacts with dibenzothiophene 
and gives dibenzothiophene sulfoxide, and a further oxidation gives 
the corresponding sulfone. Thus overall oxidation reaction consumes 
only hydrogen peroxide recycling formic acid. 

we have initiated this reserch project from a modeling 
experiments as follows: A model liquid fuel was prepared by using 
dibenzothiophene as organic sulfur and cyclohexane as hydrocarbon 
Component. The sulfur content in the model fuel was controled in 
0.30% and it was treated by the mixture of formic acid And aqueous 
hydrogen peroxide(30%) below 60.C temperature.for 2 hours. After the 
reaction, the mixture was cooled down at O ' C ,  and resulted white 

The ratio of the liquid fuel and absorbebt was lOO/lO(wt). 
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crystal was filtrated which was determined as dibenzothiophene 
sulfone. The sulfur content of the fitrate was 0.002%. Then the 
filtrate was extracted by aqueous dimethylformamide(water content, 
3 % ) .  The cyclohexane layer was separates an washed with distilled 
water. After dried over anhydrous magnesium sulfate, the sulfur 
Content was determined as 0.0007%. Also ,  the filtrate was passed 
through a silica gel column(oillsi1ica gel = 100/10 wt/wt). The 
sulfur content of the eluted solution was O.OOOO%(exceeded the 
detectable limit of the sulfur analyzer Model TS-03, Mitubisikasei 
co. ) 

Based on the results described above, the working principl seems 
to be correct. It will be also true that the sulfur comonents in 
liquid fuel such as light oil is not simple like in this.mode1. So 
that we have applied these procedures to the actual commercial light 
Oil. Figure 2 shows the gas-chromatogram( OV-1, packed glass-column; 
FPD-detector) of the reaction mixture of dibenzothiophene by this 
oxidation system. The shift of the retention time of the reaction 
Product(su1fone) clearly suggests the increased boiling point and 
polarity by oxidation. 

Figure 3 shows the gas-chromatogram(0V-1, packed glass-column; 
FPD-detector) of the reaction mixture of a commercial light oiltsulfur 
content, 0.56%) before and after oxidation. The wide range of 
distribution of peaks is observed due to a mixture of alkylderivatives 
Of mainly benzothiophene and dibenzothiophene. Interestingly, there is 
a significant deference between the retention time in both peak 
distributions before and after oxidation, which is considered to be 
resulted by the oxidation as well as shown in Figuure 2 

Table 1 and 2 show the part of the results examined the sulfur 
removals of the commarcial light oil and its oxidized one, which were 
achieved by the solvent extraction and the adsorption by silicagel and 
alumina column-chromatography. 

Table 1 Sullur Removal d LbhI Oil by SolVem Exbactbna) 

1 

solvent sullur conlent(%) 
m m m m k 4  oxidized 
llphl ollb) llphlO11 

Ace l on il r i I e 0.52 0.057 
(0.012)’ 

(0.003)’ 
DMF) 0.49 0.018 

‘ llmwroaxlk acld I hydroQen psroxide 
e) Ratb of oil and soivenl was 1 I l(ml) and a m l e  exlraclion 
b) CMjiat sulfur content was 0.56% 
c) N.W-Dbn6ihyllmnamide 

T & b  2 Sulhn Removal Ol L$hl Cil bY Adr;Orp(&l a) 

Adsorbent wllur conlent(%) 
mmmerclsl oxldirsd a exlracled(DM0 
light alp) llghl oUc) 

Stlkagel 0 54 0 0046 

Alumina 0 53 0 0038 

(0 WOB)’ 

(0 wo5)’ 
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concLus1on 
The proposed "Oxy-desulfurization Process" has exibited a 

powerful ability to remove sulfur from diesel fuels like a light oil. 
The characteristc features of this efficient new process can be 
summarized as follows. 

1. Eigh degree of sulfur removal: Possible to down to a ppm- 

2. Mild reaction conditions: Ambient pressure and temperature 
3. useful by-product: Organic sulfur compounds 
4. Applicable to havier oil desulfurization 
3. aconomicai i 

order sulfur-content 
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